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In this thesis we measured optical aberrations of the ocular components to assess optical 

quality in different clinical situations. For this purpose two different experimental techniques 

were implemented: A laser ray tracing technique, to measure total aberrations in the human 

eye, and virtual ray tracing on corneal elevation data provided by a videokeratoscope to 

evaluate aberrations of the anterior corneal surface. An analysis of the accuracy and precision 

of both techniques is presented, using model surfaces and measurements on real eyes. Eye 

modelling using optical design software has also been used to evaluate theoretical aberrations 

in configurations not available experimentally. A cross-validation test of total and corneal 

aberrometry is performed by measuring aberrations in eyes where corneal aberrations are 

predominant: a pathology that degrades the corneal surface (keratoconus) and eyes without 

crystalline lens (aphakic eyes). In addition, measurements in keratoconus reveal that coma is 

the predominant aberration in this condition. Comparison of corneal and internal aberrations 

in both eyes of an unilateral aphakic subject allow to discuss the effects of interactions of 

corneal and internal aberrations and the potential role of the posterior cornea. The optical 

changes induced by corneal refractive surgery (LASIK) for myopia were evaluated in 14 eyes. 

We found a significant increase in total aberrations, which mostly can be attributed to changes 

in the anterior corneal aberrations. Direct comparison of corneal and total aberrations allowed 

assessment of the role of the pre-operative internal aberration in the individual optical 

outcomes. Also, this comparison revealed changes in the internal aberrations with LASIK, 

that must be attributed the posterior surface corneal aberrations. The optical performance of 

rigid gas permeable (RGP) contact lens was evaluated in four contact lens wearers, measuring 

anterior and total aberrations with and without their contact lenses. Aberrations decreased 

significantly with RGP lenses in those eyes with predominant corneal aberrations. Corneal 

and total aberrations were measured in a group of 10 eyes before and after cataract surgery 

with spherical intraocular lens (IOL). In vivo and in vitro measurements showed positive 

spherical aberration in the IOL, which increase with power. Optical aberrations in 

pseudophakic eyes do not decrease with respect to eyes of the same age because of the 

DEHUUDWLRQV�RI�WKH�,2/� spherical aberration, and coma presumably induced by lens tilt and 

decentration ��WKH�lack of balance between corneal and internal aberrations and the induced 

corneal aberrations by the incision. To advance in the understanding of the contribution of the 

crystalline lens to the optical quality we analyzed the possibilities of an optical methodology 

with optimization procedures to estimate refractive index distribution of the crystalline lens.      
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  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: 

 

                  ^ ` �� ����� � � �� 
� 
�  � � � ! "�#%$�&36) [ \ FWH )7 7 [ \ H '
()  

 

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 

�.�c���]�=�\� � �\�c� � �h�]�

� �\�]� �_���a � ���_�

¡m¢ £ ���]¤Z¥S� �
 ¦

 

§
 

¨�© � �C _� ����

ª � � � �=�m¤h� � �\�O« � ¥S� � �]¬



®
¯

° ¯

° ®

° 

±

²³´²²
µ

¶¸· ¹ º�» ¼�½
¾´¾
¿ À

Á ÂÃ ÂÂ
Ä

Å Æ ÇÉÈÊhËmÌ
Í´Í
Î Ï

ÐÑÓÒÒ
Ô
ÕÖ�× Ø=Ù
ÚÓÚ
Û Ü

ÝÞÓÝÝ
ß

à¸á â ã�ä åÉæ
çÓç
è é

ê ëìîíí
ï

ð ñ ò ó�ôSõö ÷ùøûú
üîü
ý þÿ

�

�

����
�
�

� �
	� � ��������
���
� ���

����
�
�

�  !#"$�%'&
(�(
) *

++
+
, -/.

02143 5 687 9;:
<=<
> ?

@ AA
A
B C/D

E2F G H;IJ�K'L
M=M
N O

PQ QSR
RUT
V

WYX Z [ \^] _a`b cedgf
hih
j kl

m

n

op qsr
rut
v

wYx y za{| }e~g�2�2���
���
� ���

�� �s�
���
�

� � �e� ��
���
�e�� �



��� �¢¡¤£ ¥^¦¨§�©�§�ª«£ ¦�¬8«®8¯°£ ± ¬8ª

 10 

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). 

���������������������������
���5HIHUHQFHV�

 
1. J. M. Bueno and P. Artal, "Polarization and retinal image quality estimates in the human eye," J 

Opt Soc Am A 18(3), 489-496 (2001). 
2. S. Marcos, L. Diaz-Santana, L. Llorente, and C. Dainty, "Ocular aberrations with ray tracing and 

Shack-Hartmann wave-front sensors: Does polarization play a role?," J Opt Soc Am A 19(6), 
1063-1072 (2002). 

3. J. W. Goodman, ,QWURGXFWLRQ�WR�)RXULHU�RSWLFV (New York, 1996). 
4. W. S. Stiles and B. H. Crawford, "The luminous efficiency of rays entering the eye pupil at 

different points," Proc. Roy. Soc. 112, 428-450 (1933). 
5. S. Marcos and S. A. Burns, "On the symmetry between eyes of wavefront aberration and cone 

directionality," Vision Res 40, 2437-2447 (2000). 
6. W. J. Welford, $EHUUDWLRQV�RI�RSWLFDO�V\WHPV (Adam Hilger Ltd, Bristol, England, 1986). 
7. J. Casas, ÏSWLFD (Librería Pons, 1994 (Séptima Edición)). 
8. G. Smith and D. A. Atchison, 7KH� H\H� DQG� YLVXDO� RSWLFDO� LQVWUXPHQWV (Cambridge University 

Press, 1997). 
9. M. Born and E. Wolf, 3ULQFLSOHV�RI�2SWLFV� 6th ed. (Pergamon Press, Oxford, U.K., 1993). 
10. D. Malacara, 2SWLFDO�6KRS�7HVWLQJ� 2nd ed. ed. (Wiley, New York, 1992). 
11. R. A. Applegate, L. N. Thibos, A. Bradley, S. Marcos, A. Roorda, T. O. Salmon, and D. A. 

Atchison, "Reference axis selection: Subcommitte report of the OSA working group to establish 
standars for measurement and reporting of optical aberrations of the eye," J Refract Surg 16, 
S656-S658 (2000). 

12. H. Howland and B. Howland, "A subjective method for the measurement of monochromatic 
aberrations of the eye," J. Opt. Soc. Am. A. 67(11), 1508-1518 (1977). 

13. F. Zernike, "Physica," 1:689 (1934). 
14. L. N. Thibos, R. A. Applegate, J. T. Schwiegerling, R. Webb, and V. S. T. Members, "Standars 

for reporting the optical aberrations of eyes," Vision Science and its Applications. Tops Volume 
35(2000). 

15. R. J. Noll, "Zernike polynomials and atmospheric turbulence," J Opt Soc Am A 66, 207-311 
(1976). 

16. V. N. Mahajan, 2SWLFDO� LPDJLQJ� DQG� DEHUUDWLRQV�� 5D\� JHRPHWULFDO� RSWLFV (SPIE-The 
International Society for Optical Engineering, Washington, 1998), Vol. 1. 

17. A. Guirao and D. R. Williams, "A method to predict refractive errors from wave aberration 
data," Optom Vis Sci 80, 36-42 (2003). 

18. F. Flamant, "Étude de la repartition de lumière dans l'image rétinienne d'une fente," Rev Opt 
Theor Instrum 34, 433-450 (1955). 

19. J. Santamaria, P. Artal, and J. Bescós, "Determination of the point-spread function of human 
eyes using a hybrid optical-digital method," J. Opt. Soc. Am. - A 4, 1109-1114 (1987). 

20. P. Artal, R. Navarro, S. Marcos, and D. R. Williams, "Odd aberrations and double-pass 
measurements of retinal image quality," J. Opc. Soc. Am. A. 12(2), 195-201 (1995). 

21. I. Iglesias, E. Berrio, and P. Artal, "Estimates of the ocular wave aberration from pairs of double-
pass retinal images," J- Opt. Soc. Am. A. 15(9), 2466-2476 (1998). 

22. L. Diaz-Santana, "Wavefront sensing in the human eye with a Shack-Hartmann sensor," 
(University of London, London, 2000). 

23. F. Berny, "Etude de la formation des images rétiniennes et détermination de l'aberration de 
sphéricité de l'oeil humain," Vision Res. 9, 977-990 (1969). 

24. T. Young, "On the mechanisms of the eye," Phil. Trans. R. Soc. 19, 23-88 (1801). 
 



��� �¢¡¤£ ¥^¦¨§�©�§�ª«£ ¦�¬8«®8¯°£ ± ¬8ª

 24 

25. A. Ivanoff, /HV� DEHUUDWLRQV� GH� O
RHLO�� � /HXU� UROH� GDQV� O
DFFRPPRGDWLRQ, Éditions de la revue 
dÓptique Théorique et Instrumentale (Masson & Cie., Éditeurs, 1953). 

26. M. S. Smirnov, "Measurement of the wave aberration of the human eye," 776-795 (1961). 
27. M. Tscherning, "Die monochromatischen aberrationen des menschlichen auges," Z Physiol 

Sinne 6, 456-471 (1894). 
28. R. H. Webb, C. M. Penney, and K. P. Thompson, "Measurement of ocular wavefrontdistortion 

with a spatially resolved refractometer," Appl. Opt. 31, 3678-3686 (1992). 
29. J. C. He, S. Marcos, R. H. Webb, and S. A. Burns, "Measurement of the wave-front aberration of 

the eye by a fast psychophysical procedure," J. Opt. Soc. Am. A. 15(9), 2449-2456 (1998). 
30. R. Navarro and M. A. Losada, "Aberrations and relative efficiency of light pencils in the living 

human eye," Optom Vis Sci 74, 540-547 (1997). 
31. V. V. Molebny, I. G. Pallikaris, L. P. Naoumidis, I. H. Chyzh, S. V. Molebny, and V. M. 

Sokurenko, "Retina ray-tracing technique for eye refraction mapping," presented at the Proc 
SPIE, 1997. 

32. G. Walsh, W. N. Charman, and H. C. Howland, "Objective technique for the determination of 
monochromatic aberrations of the human eye," J Opt Soc Am A 1(9), 987-992 (1984). 

33. B. Howland, "Use of Crossed Cylinder Lens in Photographic Lens Evaluation," Applied Optics 
7(8), 1587-1599 (1968). 

34. P. Mierdel, H. E. Krinke, W. Wiegand, M. Kaemmerer, and T. Seiler, "A measuring device for 
the assessment of monochromatic aberrations in human eyes," Ophthalmologe 94, 441-445 
(1997). 

35. J. Liang, B. Grimm, S. Golez, and J. Bille, "Objetive measurement of wave aberrations of the 
human eye with the use of a Hartmann-Shack wave-front sensor," J Opt Soc Am A 11(7), 1949-
1957 (1994). 

36. E. Javal, 0pPRLUHV�G
RSKWKDOPRPpWULH (G Masson, Paris, 1890). 
37. R. B. Mandell and R. St Helen, "Mathematical model of the corneal contour," Br J Physiol Opt 

26, 183-197 (1971). 
38. M. Guillon, D. P. M. Lydon, and C. Wilson, "Corneal topography: a clynical model," Ophthal 

Physiol Opt 6, 47-56 (1986). 
39. M. Dubbelman, H. A. Weeber, R. G. Van der Heijde, and H. J. Volker-Dieben, "Radius and 

asphericity of the posterior corneal surface determined by corrected Scheimpflug photography," 
Acta Ophthalmol Scand 80(4), 379-383 (2002). 

40. Y. Mejía-Barbosa and D. Malacara-Hernández, "A review of methods for measuring corneal 
topography," Opt Vis Sci 78, 240-253 (2001). 

41. G. Westheimer, "Image quality in the human eye," Opt Acta 17, 641-658 (1970). 
42. D. A. Atchison and G. Smith, eds., 2SWLFV�RI�WKH�KXPDQ�H\H (Butterworth-Heinemann, 2000). 
43. H. L. Liou and N. A. Brennan, "Anatomically accurate, finite model eye for optical modelling," J 

Opt Soc Am A 14, 1684-1695 (1997). 
44. S. Marcos, S. A. Burns, P. M. Prieto, R. Navarro, and B. Baraibar, "Investigating the sources of 

monochromatic aberrations and transverse chromatic aberration," Vision Res 41, 3862-3871 
(2001). 

45. J. C. Barry, M. Dunne, and T. Kirschkamp, "Phakometric measurement of ocular surface radius 
of curvature and alignment: evaluation of method with physical model eyes," Ophthal Physiol 
Opt 21(6), 450-460 (2001). 

46. D. O. Mutti, K. Zadnik, and A. J. Adams, " A video technique for phakometry of the human 
crystalline lens," Inv Opth Vis Sci 33, 1771-1782 (1992). 

47. G. Smith and L. F. Garner, "Determination of the radius of curvature of the anterior lens surface 
from the Purkinje images," Ophthal Physiol Opt 16(2), 135-143 (1996). 

48. D. O. Mutti, L. A. Jones, M. L. Moeschberger, and K. Zadnik, "AC/A Ratio, Age, and 
Refractive Error in Children," Invest. Ophthalmol. Vis. Sci. 41(9), 2469-2478 (2000). 

49. Z. Liu, A. J. Huang, and S. C. Pflugfelder, "Evaluation of corneal thickness and topography in 
normal eyes using the Orbscan corneal topography system," Br J Ophthalmol 83(7), 774-778 
(1999). 

50. S. Patel, J. Marshall, and F. Fitzke, "Shape and radius of posterior corneal surface," Refract 
Corneal Surg 9, 173-181 (1993). 

51. M. Dubbelman and R. G. Van der Heijde, "The shape of the aging human lens: curvature, 
equivalent refractive index and the lens paradox," Vision Res 41, 1867-1877 (2001). 

 



��� �¢¡¤£ ¥^¦¨§�©�§�ª«£ ¦�¬8«®8¯°£ ± ¬8ª

 25 

52. J. Porter, A. Guirao, I. G. Cox, and D. R. Williams, "The human eye’s monochromatic 
aberrations in a large population," J Opt Soc Am A 18, 1793-1803 (2001). 

53. L. N. Thibos, X. Hong, A. Bradley, and X. Cheng, "Statistical variation of aberration structure 
and image quality in a normal population of healthy eyes," J Opt Soc Am A 19(12), 2329-2348 
(2002). 

54. P. Vinciguerra, F. I. Camesasca, and A. Calossi, "Statistical analysis of physiological aberrations 
of the cornea," J Refract Surg 19(2 Suppl), S265-269 (2003). 

55. S. Patel, J. Marshall, and F. Fitzke, "Refractive index of the human corneal epithelium and 
stroma," J Refract Surg 11, 100-106 (1995). 

56. M. Dubbelman, R. G. Van der Heijde, H. A. Weeber, and G. F. J. M. Vrensen, "Changes in the 
internal structure of the human crystalline lens with age and accommodation," Vision Res 43, 
2363-2375 (2003). 

57. B. A. Moffat, D. A. Atchison, and J. M. Pope, "Age-related changes in refractive index 
distribution and power of the human lens as measured by magnetic resonance micro-imaging in 
vitro," Vision Res 42, 1683-1693 (2002). 

58. M. Millodot and J. G. Sivak, "Contribution of the cornea and lens to the spherical aberration of 
the eye," Vis Res 19, 685-687 (1979). 

59. P. Artal and A. Guirao, "Contribution of the cornea and the lens to the aberrations of the human 
eyes," Opt Lett 23, 1713-1715 (1998). 

60. A. Tomlinson, R. P. Hemenger, and R. Garriott, "Method for Estimating the Spheric Aberration 
of the Human Crystalline Lens in Vivo," Invest. Ophthalm. & Vis. Sci. 34(3), 621-629 (1993). 

61. S. G. El Hage and F. Berny, "Contribution of the crystalline lens to the spherical aberration of 
the eye," Journal of the Optical Society of America 63, 205-211 (1973). 

62. P. Artal, A. Guirao, E. Berrio, and D. R. Williams, "Compensation of corneal aberrations by the 
internal optics in the human eye," J Vision 1, 1-8 (2001). 

63. P. Artal, E. Berrio, A. Guirao, and P. Piers, "Contribution of the cornea and internal surfaces to 
the change of ocular aberrations with age," J Opt Soc Am A 19, 137-143 (2002). 

64. T. O. Salmon, "Corneal contribution to the wavefront aberration of the eye," (Indiana, 1999). 
65. S. A. Burns, S. Marcos, A. E. Elsner, and S. Bara, "Contrast improvement for confocal retinal 

imaging using phase correcting plates," Opt Lett 27, 400-402 (2002). 
66. A. Roorda, F. Romero-Borja, W. J. Donnelly, H. Queener, T. J. Hebert, and C. W. Campbell, 

"Adaptive optics scanning laser ophthalmoscopy," Optics Express 10(9), 405-412 (2002). 
67. C. Owsley, R. Sekuler, and D. Siemsen, "Contrast sensitivity throughout adulthood," Vision Res 

23, 688-699 (1983). 
68. D. Elliott, D. Whitaker, and D. MacVeigh, "Neural contribution to spatio temporal contrast 

sensitivity decline in healthy ageing eyes," Vision Res 30, 541-547 (1990). 
69. T. Van den Berg and J. K. Ijspeert, "Light scattering in donor lenses," Vision Res 35, 169-177 

(1995). 
70. R. Calver, M. Cox, and D. Elliott, "Effect of aging on the monochromatic aberrations of the 

human eye," J Opt Soc Am A 16(16), 2069-2078 (1999). 
71. J. McLellan, S. Marcos, and S. A. Burns, "Age-related changes in monochromatic wave 

aberrations of the human eye," Invest Ophthalmol Vis Sci 42, 1390-1395 (2001). 
72. A. Guirao, M. Redondo, and P. Artal, "Optical aberrations of the human cornea as a function of 

age," J Opt Soc Am A 17, 1697-1702 (2000). 
73. A. Glasser and M. Campbell, "Biometric, optical and physical changes in the isolated human 

crystalline lens with age in relation to presbyopia," Vis. Res. 39, 1991-2015 (1999). 
74. G. Smith, M. J. Cox, R. Calver, and L. F. Garner, "The spherical aberration of the crystalline 

lens of the human eye," Vision Res 41, 235-243 (2001). 
75. D. Goss, H. G. Van Veen, B. B. Rainey, and B. Feng, "Ocular components measured by 

keratometry, phakometry, and ultrasonography in emmetropic and myopic optometry students," 
Optom Vis Sci 74, 489-495 (1997). 

76. J. Wallman, 5HWLQDO� IDFWRUV� LQ� P\RSLD� DQG� HPPHWURSL]DWLRQ�� FOXHV� IURP� UHVHDUFK� RQ� FKLFNV, 
Refractive Anomalies: Research and Clinical Applications (Butterworth-Heinemann, Boston, 
1991), pp. 235-245. 

77. M. J. Collins, C. F. Wildsoet, and D. A. Atchison, "Monochromatric aberrations and myopia," 
Vision Res 35(9), 1157-1163 (1995). 

78. S. Marcos, E. Moreno-Barriuso, L. Llorente, R. Navarro, and S. Barbero, (personal 
communication). 



��� �¢¡¤£ ¥^¦¨§�©�§�ª«£ ¦�¬8«®8¯°£ ± ¬8ª

 26 

79. J. C. He, J. Gwiazda, R. Held, and F. Thorn, "Wavefront aberrations in the cornea and whole eye 
for emmetropes and myopes," Invest Ophthalmol Vis Sci (suppl) 542(2001). 

80. G. Carney, J. C. Mainstone, and B. A. Henderson, "Corneal topography and myopia: A cross-
sectional study," Inv Opth Vis Sci 38, 311-320 (1997). 

81. S. Marcos, S. Barbero, and L. Llorente, "The sources of optical aberrations in myopic eyes," 
presented at the Inv Opth Vis Sci, (Suppl).42,133,(2001) Fort Lauderdale, Florida, USA, 2002. 

82. J. Schwiegerling, "Cone Dimensions in Keratoconus using Zernike polynomials," Optom Vis Sci 
74(Keratoconus), 963-969 (1997). 

83. M. A. Lagana, I. G. Cox, and R. J. Potvin, "The effect of keratoconus on the wavefront 
aberration of the human eye," Invest Ophthalmol Vis Sci (suppl) 41, S679 (2000). 

84. S. Barbero, S. Marcos, J. Merayo-Lloves, and E. Moreno-Barriuso, "A validation of the 
estimation of corneal aberrations from videokeratography: test on keratoconus eyes," J Refract 
Surg 18, 267-270 (2002). 

85. M. B. McDonald, J. C. Liu, and T. J. Byrd, "Central photorefractive keratectomy for myopia: 
partially sighted and normally sighted eyes," Ophtalmology 98, 1327-1337 (1991). 

86. I. G. Pallikaris, M. Papatzanaki, E. Stathi, O. Frenschock, and A. Georgiadis, "Laser in situ 
keratomileusis," Lasers Surg Med 10, 463-468 (1990). 

87. M. H. Dastjerdi and H. K. Soong, "LASEK (laser subepithelial keratomileusis)," Curr Opin 
Ophthalmol 13(4), 261-263 ( 2002). 

88. M. W. Campbell, H. Haman, P. Simonet, and I. Brunette, "Dependence of optical image quality 
on refractive error: eyes after excimer laser photorefractive keratectomy (prk) versus controls," 
Invest. Opth.& Vis. Sci. 40 (Suppl.)(4), s7 (1999). 

89. T. Seiler, M. Kaemmerer, P. Mierdel, and H.-E. Krinke, "Ocular optical aberrations after 
photorefractive keratectomy for myopia and myopic astigmatism," Arch Ophthalmol 118, 17-21 
(2000). 

90. E. Moreno-Barriuso, J. Merayo-Lloves, S. Marcos, R. Navarro, L. Llorente, and S. Barbero, 
"Ocular aberrations before and after corneal refractive surgery: LASIK-induced changes 
measured with Laser Ray Tracing," Invest Ophthalmol Vis Sci 42, 1396-1403 (2001). 

91. S. Marcos, S. Barbero, L. Llorente, and J. Merayo-Lloves, "Optical Response to Myopic LASIK 
Surgery from Total and Corneal Aberration Measurements," Invest Ophthalmol Vis Sci 42, 
3349-3356 (2001). 

92. J. Jiménez, R. Anera, and L. Jiménez del Barco, "Equation for corneal asphericity after corneal 
refractive surgery," J Refract Surg, 65-69 (2003). 

93. C. Dorronsoro, D. Cano, S. Barbero, J. Merayo, L. Llorente, and S. Marcos, "Understanding the 
standar algorithm for corneal refractive surgery using laser ablation of PMMA surfaces," 
presented at the E-abstract 2535, 2003. 

94. D. Cano, S. Barbero, and S. Marcos, "Computer application of laser ablation patterns on real 
corneas and comparison with surgical outcomes," J Opt Soc Am A (Submitted). 

95. J. R. Jiménez, R. Anera, L. Jiménez del Barco, and E. Hita, "Effect on laser ablation algorithms 
of reflection losses and nonnormal incidence on the anterior cornea," Appl Phys Lett 81(8), 
1521-1523 (2002). 

96. M. Asejczyk-Widlicka, W. Srodka, and H. Kasprzak, "The modelling of effect of refractive 
surgery on the physically linear model of human eyeball. Influence of IOP on the geometrical 
and biomechanical properties of the model of the eye globe.," presented at the MOPANE, 2003. 

97. L. Llorente, S. Barbero, J. Merayo, and S. Marcos, "Changes in total and corneal aberrations 
induced by LASIK surgery for hyperopia," J Refract Surg (Submited). 

98. C. Hammond, "The epidemiology of cataract," (2001). 
99. D. T. Azar, ,QWUDRFXODU� OHQVHV� LQ� FDWDUDFW� DQG� UHIUDFWLYH� VXUJHU\ (W.B. Saunders Company, 

Philadelphia, 2001). 
100. T. Oshika, G. Sugita, T. Tanabe, A. Tomidokoro, and S. Amano, "Regular and irregular 

astigmatism after superior versus temporal scleral incision cataract surgery," Ophthalmology 
107, 2049-2053 (2000). 

101. T. Kohnen, B. Dick, and K. Jacobi, "Comparison of the induced astigmatism after temporal clear 
corneal tunnel incisions of different sizes," J Cataract Refract Surg 21(4), 417-424 (1995). 

102. R. Navarro, M. Ferro, P. Artal, and I. Miranda, "Modulation transfer functions of eyes implanted 
with intraocular lenses," App Opt 32, 6359-6367 (1993). 

 
 



��� �¢¡¤£ ¥^¦¨§�©�§�ª«£ ¦�¬8«®8¯°£ ± ¬8ª

 27 

103. P. Artal, S. Marcos, R. Navarro, I. Miranda, and M. Ferro, "Through focus image quality of eyes 
implanted with monofocal and multifocal intraocular lenses," Optical Engineering 34, 772-779 
(1995). 

104. A. Guirao, M. Redondo, E. Geraghty, P. Piers, S. Norrby, and P. Artal, "Corneal optical 
aberrations and retinal image quality in patients in whom monofocal intraocular lenses were 
implanted," Archives of Ophthalmology 120, 1143-1151 (2002). 

105. S. Barbero, S. Marcos, and I. Jiménez-Alfaro, "Optical aberrations of intraocular lenses 
measured in vivo and in vitro," J. Opt. Soc. Am. A. 20(10), 1841-1886 (2003). 

106. N. Lopez-Gil, J. F. Castejón-Mochón, A. Benito, J. M. Marín, G. Lo-a-Foe, G. Marin, B. 
Fermigier, R. Renard, D. Joyeux, N. Château, and P. Artal, "Aberration generation by contact 
lenses with aspheric and asymmetric surfaces," J Refract Surg 18, S603-S609 (2002). 

107. C. Dorronsoro, S. Barbero, L. Llorente, and S. Marcos, "Detailed on-eye measurement of optical 
performance of rigid gas permeable contact lenses based on ocular and corneal aberrometry," 
Opt Vis Sci 80(2), 115-125 (2003). 

108. X. Hong, N. Himebaugh, and L. N. Thibos, "On-eye evaluation of optical performance of rigid 
and soft contact lenses," Optom Vis Sci 78, 872-880 (2001). 

109. C. E. Campbell, "The effect of spherical aberration of contact lenses to the wearer," Am J Optom 
Physiol Opt 58, 212-217 (1981). 

110. D. A. Atchison, "Aberrations associated with rigid contact lenses," J Opt Soc Am A 12, 2267-
2273 (1995). 

111. J. T. Holladay, P. A. Piers, G. Koranyi, M. Van der Mooren, and N. E. Norrby, "A new 
intraocular lens design to reduce spherical aberration of pseudophakic eyes," J Refract Surg 
18(6), 683-691 (2002). 

112. M. J. Simpson, "Optical quality of intraocular lenses," J Cataract Refract surg 18, 86-94 (1992). 
113. V. Portney, "Optical testing and inspection methodology for modern intraocular lenses," J 

Cataract Refract Surg 18, 607-613 (1992). 
 



��������� 	�
��������	�� �������

 28 

�
&KDSWHU�,,�

 

0HWKRGV�
�
�
�

5(680(1�
 

Se han usado dos técnicas distintas para la medida de aberraciones totales y corneales. 

Para la medida de aberraciones totales se ha desarrollado una nueva generación de la 

técnica de trazado de rayos laser Wécnica creada originariamente en el Instituto de 

Óptica ��'LYHUVDV�FDOLEUDFLRQHV�\�PHGLGDV�VREUH�RMRV�DUWLILFLDOHV�PXHVWUDQ la precisión y 

repetibilidad de la técnica de trazado de rayos laser (valor medio de 0.063 µm en la 

repetibilidad en los coeficientes de aberración de onda). 

Se ha desarrollado una técnica basada en la medida de la superficie corneal para la 

estimación de las aberraciones corneales. La medida de la superficie corneal se realiza 

mediante un topógrafo corneal basado en anillos de Placido. Los datos de elevación 

medidos por el topógrafo se interpolan mediante un desarrollo funcional, y 

posteriormente se obtiene la aberración de onda mediante una marcha de rayos virtual en 

un programa de diseño óptico. El error estándar (valor medio de los coeficientes de 

aberración de onda) debido a la precisión (0.013 µm) es del mismo orden que el error 

debido a la repetibilidad (0.015 µm).  

Además de para la estimación de las aberraciones corneales a partir de los mapas de 

elevación corneal, la marcha de rayos virtual se ha utilizado sobre  distintos modelos de 

ojo para el análisis de configuraciones que pueden ayudar a la comprensión de la 

interacción de aberraciones entre los distintos componentes oculares.  

 

�
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Two different techniques have been used to measure total and corneal aberrations. 

A new generation of a laser ray tracing technique originally developed in the 

Instituto de Óptica  has been implemented. Different calibrations and measurements on 

artificial eyes show the accuracy and precision of the technique (and average precision 

error of 0.063 µm in wave aberration errors).    

The technique to estimate corneal aberrations is based on measuring the corneal 

surface shape. A Placido disk videokeratoscope is used to measure elevation data of the 

anterior corneal shape. Elevation data are interpolated by a functional expansion, and 

then the wave aberration is obtained performing a virtual ray tracing using an optical 

design program. The standard error (average value in wave aberration coefficients) due to 

accuracy (0.013 µm) is of the same order than that due to precision (0.015 µm).  

In addition to experimental measurement of aberrations, virtual ray tracing on eye 

models has been used to analyze configurations where it is important to understand the 

optical interactions between different ocular elements.    
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���0HDVXUHPHQW�RI�WRWDO�DEHUUDWLRQV�
 

����/DVHU�5D\�7UDFLQJ�WHFKQLTXH�
�
A Laser Ray Tracing (LRT) technique is used to measure total aberrations of the 

human eye. The LRT technique was first implemented at the Instituto de Optica (CSIC) 

in 19971. During this thesis a new generation of LRT has been developed, which 

incorporates improved capabilities over the previous version of the instrument 1-3.  

Figure II.1 shows a schematic diagram of the second generation LRT, to whose 

development the author of the thesis has contributed. 
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�
)LJXUH�,,��� Schematic diagram of 2nd generation Laser Ray Tracing. Light source is either a green (532 
nm) or infrared (786 nm) laser diode. The beam is focused and collimated by lenses L1 and L2. An x-y 
scanner system (at the focal point of L2) deflects the rays. A Badal system (formed by lenses L3, L4 and 
mirrors M1 and M2) corrects for the eye’s spherical refractive error. The light reflected back from the retina 
passes through the Badal system again, and is projected on the high resolution camera CCD2. Another 
camera (CCD1), coaxial with the system, collects simultaneously images of the pupil and is used for 
continuous alignment. A fixation target displayed on a LRT monitor is also viewed through the correcting 
system. 
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In this system laser rays sample the eye’s pupil sequentially. The laser sources are a 

green He-Ne laser, 543 nm (which was used in the studies presented in chapters III, IV, 

V) and an infrared (786 nm) diode laser coupled to an optical fiber (chapter VI, VII). 

Studies in our laboratory4 have shown that there are not significant differences in the 

aberrations measured in visible or infrared light, except for the defocus term.  

A scanning system formed by two mirrors (X-Y) deflects the laser beam at various 

angles. A set of parallel beams is then achieved by a collimating lens (L2), located at one 

focal distance from the scanner. The astigmatism induced by the physical separation of 

the mirrors is compensated by a cylindrical lens. The scanner system is automatically 

controlled, and can be configured to sample the pupil with different sampling patterns and 

densities. In this thesis we typically use a hexagonal sampling pattern of 37 points with a 

step size of 1 mm, and pupil size of 6 mm. The sampling beam diameter is 0.5 mm, and 

therefore an effective pupil of 6.5 mm is considered in the computations.  In some of the 

studies, however, the sampled pupil was reduced. For example in elderly eyes –chapter 

VII-, where dilated pupils were typically smaller, or in patients with contact lenses with 

smaller diameters. In those cases, the step size was appropriately reduced.  

The number of samples that we used allows a 7th order polynomial fit of the wave 

aberration (with 35 terms). Several studies 5, 6 have shown that a larger number of samples 

is not necessary to retrieve ocular wave aberrations. 

A high resolution, cooled CCD2 camera, conjugate to the retina records a series of 

aerial images reflected from the retina, as the laser beam samples the pupil. A set of 

background images is recorded with the same conditions but using a black diffuser in 

front of the eye.   

By the effect of aberrations, the retinal spot moves as the entry location moves.  The 

second pass only affects the spot image shape but not its location. Centroids of the aerial 

images are evaluated using image processing. Firstly, background images are subtracted 

from raw images. A filtering and thresholding is applied on the images to avoid intensity 

noise due to scattering. Finally, centroids are evaluated as computed intensity mass center 

of the treated images.   Figure II.2 shows how the centroid is evaluated on an aerial image. 

In the second generation the images sizes captured by the CCD2 are 256x256 pixels 

frames with a field angle subtended of 1.27 arcmin per píxel.   
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)LJXUH� ,,���� $� Image frame (256x256) corresponding to a recorded aerial image. %�� Image 

processing of raw image A. After subtracting the background image, filtering and thresholding, the 
centroid is computed as an intensity mass center. The computed centroid is marked by the green cross over 
the spot.  

 

Transverse aberrations are computed as the difference of the aerial image centroid 

location with respect to the centroid of the image corresponding to the beam passing 

through the pupil center (chief ray). Transverse aberrations are the slopes of the wave 

aberration with a scale factor7. From this set of discrete slope values, a modal 

reconstruction, following a least squares method, of the global function for the wave 

aberration is used. The wave aberration is described by a 7th order Zernike polynomial 

expansion (see section 1.3 in Introduction). 

While the system can measure transverse aberrations corresponding to a defocus up to 

±6 D, refractive errors were typically compensated by means of trial lenses (in the first 

generation of the instrument) or a Badal optometer (in the second generation, mirrors M1 

and M2, and lenses L3 and L4 in Figure II.1). Trial lenses were placed in front of the 

subject’s eye, and magnification factors of the pupil sampling were compensated by 

software. The Badal system compensated for the refractive errors without modifying the 

sampling pattern. The effect of the compensation of the refractive error on the measured 

aberrations was studied experimentally and computationally. We performed 

$ %$ %
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experimental measurements of aberrations in an individual myopic eye (-6 D) with 

different amounts of correction with trial lenses (-6D and -3 D). The sampling effects 

were corrected by software, and therefore the analysis relates to the effects of 

convergence. Additionally we performed simulations in an optical design program 

(Zemax) using an eye model (see Table II.1) with simulated trial lens located 20 mm in 

front of model cornea (-3 and -6 D. The corneal topography of the control subject was 

used in the simulation. Simulations were performed with a standar model of the 

crystalline lens (see Table II.1). Differences are expected to affect predominantly 

thespherical  aberration8. Computer simulations showed a slight change of spherical 

aberration. It increased (with respect to the uncorrected eye) by 0.043 µm with a -3 D trial 

lens and by 0.111 µm with a -6 D trial lens. The experimental differences were smaller: 

0.066 µm with a -3D trial lens and 0.018 µm with a -6D trial lens. Therefore, no trend 

with increasing trial lens power was found experimentally and the differences found are 

within the experimental error. Calibrations of the system were performed using trial 

lenses (both spherical and cylindrical) as well as phase-plates of known aberrations. 

The line of sight (i.e. foveal fixation and pupil center) was used as a reference axis. A 

video camera conjugate with the pupil plane is used to monitor eye alignment with 

respect to the optical axis of the instrument. A fixation channel (a laser spot in the first 

generation of the instrument, and a cross-pattern generated in a CRT display in the second 

generation) provides a fixation target during the measurement. 

Subjects’ head were stabilized with a dental impression and a headrest, and the pupil 

was continuously monitored on a CCD camera. Each measure was repeated five times. 

Each series of images was obtained in 4 seconds (first version of the instrument) to 1.5 

seconds (second generation of the instrument). 

Laser light intensity is attenuated by neutral density filters to reduce the energy 

exposure at least one order of magnitude below safety levels of the American National 

Standard Institute for this wavelength9. In the second generation of LRT, for the 532 nm 

laser the power was (6.5 mm pupil) always less than 3.42 µW, and for the 786 nm laser 

the maximum power was 36.9 µW. 
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���9LUWXDO�UD\�WUDFLQJ�DQG�H\H�PRGHOLQJ�
�
� Virtual ray tracing with an optical design program, Zemax (10 April 2003, Focus 

Software, Tucson, AZ) has been extensively used in this thesis. In the following sections 

we provide basic concepts of the ray tracing procedures with this tool, as well as the 

particular applications for the studies conducted in this thesis. 

   

����9LUWXDO�UD\�WUDFLQJ�
��

Virtual ray tracing is based on geometrical optics principles. Ray tracing algorithms in 

optical design are based in two steps: The WUDQVODWLRQ�VWHS that involves translation of one 

ray from one surface to the next one, and the UHIUDFWLRQ�VWHS that evaluates the refraction 

of a ray in a determined surface point. The translation step is solved by geometrical 

considerations determining intersections of lines (ray paths in an isotropic and 

homogeneous medium) and surfaces (lens surfaces), while the refraction step, if a real ray 

tracing is performed (i.e. no paraxial approximation), is calculated applying Snell´s law. 

In the case of not homogeneous medium (i.e. gradient-index) different algorithms for the 

translation step are used such as Sharma algorithm10; this method, used in Zemax, is 

based on Runge-Kutta method for solving the differential ray equation. 

Several variables must be pre-defined for the ray tracing: 1) Position of the object 

point or, for objects at infinity, the field angle of the ray fan entering the optical system. 2) 

Position and shape of image surface (normally a plane). 3) Stop surface and size, which 

defines the entrance-exit pupil size and position. 4) Wavelength used for the ray tracing. 

The wave aberration is computed directly from the ray tracing analysis: An 

aberration-free wavefront is described by a sphere of radius given by the focal length of 

the system. This sphere, called “reference sphere”, is first evaluated. A ray passing 

through a defined pupil position is refracted with a known direction as determined by ray 

tracing. Considering a single ray, let A be the position where this ray is located in the real 

wavefront. A is calculated by evaluating the distance, from the pupil through the refracted 

ray, equal to a defined distance in the optical axis (the wavefront is defined as the surface 

of equal phase or optical path). The wave aberration is the distance from point A along the 

refracted ray to the intersection with the reference sphere (see Figure I.1).  
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For each ray traced, a local value of the wave aberration is obtained. Therefore, a 

complete ray tracing procedure provides a discrete set of local measurements of the wave 

aberration. There are two ways of retrieving the wave aberration function from these 

discrete set: Zonal and modal reconstruction. Zonal reconstruction is based on numerical 

integration techniques. Modal reconstruction uses data fitting to a set of orthogonal 

functions. Zemax uses a modal reconstruction with a standard least squares algorithm 

fitting to a Zernike expansion.   

�
����(\H�PRGHOLQJ�XVLQJ�=HPD[�

 

For several purposes, such as optical testing or evaluation, eye modelling has been 

carried out using Zemax. To characterize an optical system, it is necessary to define a 

sequential group of “surfaces” separated by refractive index media. Depending of the 

application different types of “surfaces” have been used. Standard surfaces (defined by an 

apical radius and conicity) were used in some of the applications as simple models of the 

ocular surfaces. Grid sag surfaces, which allow a evaluation of the surface in a set of 

sampling points, were used to model surfaces measured with the videokeratographer. 

Gradient index surfaces (using C extension capabilities of Zemax) were used to construct 

GRIN lenses (chapter VIII).   

The ocular media refractive index data used are based on anatomical data reported by 

Le Grand et al11 with the update in the refractive index of the cornea of Escudero et al12. 

Index dependence of the wavelength is introduced fitting experimental longitudinal 

chromatic aberration13 with Herzberger formula14.  

Table II.1 summarizes the details of the eye model and relevant parameters used in 

different studies of this thesis.  
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7DEOH�,,��: Parameters used for the different eye models used in different studies of this thesis. 
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�
There are three steps in evaluating corneal aberrations of the anterior corneal surface: 

1) Obtaining experimental data with a videokeratoscope. 2) Modelling of the corneal 

surface from these data. 3) Evaluating corneal aberrations from the corneal model 

surface. 

  

����9LGHRNHUDWRVFRSH�GDWD�
 

Corneal topography data were obtained with a Placido disk videokeratoscope 

(Humphrey-Zeiss MasterVue Atlas). Placido disk videokeratoscopes analyze specular 

reflection off of the cornea of a set of concentric illuminated rings (Placido disk) recorded 

by a video camera. The system has a central clear zone through which the subject views a 



��������� 	�
��������	�� �������

 37 

fixation target. From the image of the reflected rings an algorithm reconstructs the shape 

of the anterior corneal surface.  

 The reconstruction algorithm for the Humphrey-Zeiss topographer is referred to as 

DUF� VWHS� DOJRULWKP, and has been described in detail by Campbell16. This algorithm 

reduces the reconstruction to analyze the corneal surface in a set of meridian planes, 

“reconstruction planes”, containing the videokeratoscope axis (VK axis). The VK axis is 

defined as the axis that intersects the image plane at the mean center of the inner rings 

reflections and passes through the center of the entrance pupil of the videokeratoscope16. 

The algorithm extracts corneal shape data in the reconstruction planes separately. This 

algorithm assumes that reflection rays in a meridional plane stay on the same plane. Rays 

not obeying this condition are named skew rays, and the error associated with this 

approximation is called VNHZ�HUURU.   
For each reconstruction plane, a meridional curve of the corneal surface is evaluated. 

These curves are fitted by small sections of circular arcs by an iterative algorithm 

obtaining the axial and radial positions and slope of the curve at different points.  

The Placido disk is formed by 24 rings. There are 180 reconstruction planes with 2 

degrees of angular distances among planes. Therefore for each reconstruction plane there 

are 48 evaluated points, and the total number of points in the global reconstruction is 

48*180. However some of these data is lost because of tear film break up effects or eyelid 

oclusions. Figure II.3 shows the set of points where the corneal surface is evaluated for a 

real cornea. 
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)LJXUH�,,��: Corneal polar coordinates where elevation data are given by the videokeratoscope. 

�
 
����0RGHOOLQJ�WKH�FRUQHDO�VXUIDFH�

 

Corneal surface modelling is limited by the distribution of videokeratoscope data. As 

this distribution is not uniformly spatially sampled in XY coordinates, with no data 

between rings, and specially within the central clear zone (around 0.4 mm radius), 

strategies with local interpolations do not work properly. In general, a smooth global 

interpolation by polynomial expansion offers better results. Considering the circular 

symmetry of the data, the Zernike polynomial expansion appears to be a good choice17a. 

We fitted corneal surfaces with a Zernike polynomial expansion using 37 terms, and a 

standard least squares optimization by means of the inverse matrix built-in function given 

in Matlab. It has been noted that a finite and relatively small number of Zernike terms is 

sufficient to prevent fitting the noise error of the videokeratoscope by 

over-parameterization19. Schwiegerling et al17 suggested the use of Gram-Schmidt 

othogonalization for a more stable numeric interpolation of the corneal data set of discrete 

points (Zernike polynomials is a orthogonal base only over a continuous range). 

                                                
a Iskander et18 al have proposed the use of an alternative set of polynomials referred to as Bathia- Wolf.    
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However, Salmon et al20 reported that for the set of data provided by typical  

videokeratoscopes the convergence in the least squares procedure for the corneal 

modelling is not significantly different  whether Gram-Schmidt orthogonalization is used 

or not. 

Once the surface is modelled by Zernike polynomial expansion, discrete points are 

evaluated in a XY equi-space grid to be introduced in Zemax for the corneal ray tracing 

evaluation.   

 

����)URP�FRUQHDO�VXUIDFH�WR�FRUQHDO�ZDYH�DEHUUDWLRQ�
��

Using geometrical optics there are two main different ways of evaluating wave 

aberration from corneal surface data. These methods are based on two different, but 

equivalent, definitions of the wave aberration21. The first definition relies on the 

difference of the ray path between two points in the real and ideal wavefront for each 

pupil coordinate. In Figure II.4, this is indicated by the distance W. The second definition 

defines the wave aberration as the optical path difference between the chief ray and a 

marginal ray that passes through the surface at a point A. In the same figure, the optical 

path of the chief ray is [OV]n +[VOp’]n’ and that of the marginal: [OA]n + [AO’]n’. Thus 

the wave aberration is W=n[OA-OV] + n’[AOp’-VOp’]. 

 

)LJXUH� ,,��� Simplified scheme showing the differences across methods to evaluate corneal 
aberrations. [OA] and [AO’ ] show the path of a specific ray. O’  is the intersection of the ray with the image 
plane. Op’  is the paraxial image point of O by the surface. Ø and Øsphere are the real and ideal wavefront 
respectively. W indicates the wave aberration of the considered ray.  
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While the first method requires a ray tracing procedure to evaluate the real wavefront 

(normal surface of the refracted rays) the second method  does not need a ray tracing  

because it does not use the O’ intersection of the real ray with the image plane. To reduce 

complexity in the analytical solution of the second method it is necessary to use some 

approximations, such as series truncation of polynomial expansions, to reduce the amount 

of calculations 20-23. A third method, as a variant of the second one, evaluates the wave 

aberration as the difference of the corneal shape from an ideal surface Cartesian oval 

surface  for which wave aberration is zero24, 25. Salmon et al.20 have evaluated the 

differences between the different methods and found that differences are about 1.3 %  for 

conic corneal models between a ray tracing procedure and the optical path difference 

method.    

For this thesis the exact ray tracing technique, evaluated with Zemax, is used as 

explained in section 2.1. The model surface is introduced in ZEMAX using a finite 

difference method to evaluDWH� WKH�QRUPDOV� WR� WKH� VXUIDFH� QHFHVVDU\� WR�DSSO\�6QHOOV¶�
ODZ � 

The ray tracing technique has been used in real corneas, to our knowledge, also by 

Sarver et al26, based on Greivenkamp et al27 work. Previous studies used paraxial ray 

tracing rather than real ray tracing28.  

 

����$GGLWLRQDO�FRQVLGHUDWLRQV�LQ�UD\�WUDFLQJ�WKURXJK�FRUQHDO�VXUIDFHV     
 

There are several details in the ray tracing routine to evaluate corneal aberrations that 

need to be discussed in detail. 

�
6DPSOLQJ�RI�WKH�UD\�WUDFLQJ�

The wave aberration is reconstructed from a finite number of rays. The accuracy of 

the result depends on whether the sampling is sufficiently dense. Because there is not a 

universal method to know how many rays are sufficient, a way to ensure the 

reconstruction is to evaluate the wave aberration for different number of rays for different 

corneal surfaces.  Table II.2 shows RMS (3rd and higher) for different sampling densities 

in ray tracing on three real corneas. 
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Sampling Ray 

Tracing 

32x32 64x64 128x128 256x256 512x512 

                                           Normal young corneal surface 

Comput. time (s) ~0.2 ~1.0 ~2.9 ~13.8 ~61 

RMS  (µm) 2.0411 2.0402 2.0411 2.0410 2.0410 

                                            Post LASIK corneal surface 

Comput. time (s) ~0.2 ~0.9 ~2.9 ~12.7 ~55 

RMS  (µm) 4.5006 4.4987 4.4988 4.4990 4.4989 

                                            Keratoconus corneal surface 

Comput. time (s) ~0.2 ~0.98 ~3.0 ~12.5 ~59 

RMS  (µm) 6.7402 6.7331 6.7477 6.7460 6.7455 

7DEOH� ,,��� Effects of sampling ray tracing in computing wave aberration of three different corneal 
surfaces. Pupil diameter used is 10 mm. Zernike expansion evaluated up to 45 terms. RMS of 3rd and higher 
aberrations for a 0.543 nm wavelength. Computations were done with a Pentium IV (1.7 GHz). 

 

Table II.2 shows that the number of sampling rays to ensure a good wave aberration 

evaluation depends on the corneal surface. More aberrated corneas needed a higher 

number of rays. For the worst case of a highly aberrated cornea (keratoconus), the 

algorithm converges numerically for sampling densities above 128x128 to a difference of 

less than 0.0017 µm in the RMS. For higher densities computing time starts to become 

impractically large.   

 

3XSLO�D[LDO�SRVLWLRQ�
To evaluate corneal aberrations it is not only necessary to know the surface, but also 

the position of the “ stop”  surface that determines the position of the entrance pupil. In the 

case of the corneal surface the stop is the iris, and its actual position varies across 

subjects. We have evaluated that, in practice, we can suppose that the stop is situated in 

the corneal surface, and the error is, in general, negligible.  

To quantify this error we calculated with Zemax corneal aberrations of a real eye, 

where the anterior chamber depth was measured (2.91 mm), with stop position located at 

the corneal surface or at the actual iris position (i.e. 2.91 mm behind the cornea).  RMS of 

3rd and higher was 1.2178 µm and 1.2179 µm respectively. Differences of individual 
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Zernike terms were also negligible, with the maximum difference being 0.00046 µm for 

term \\= ]  (the most affected by this error).  

 

2EMHFW�SRVLWLRQ�
Experimentally, we evaluate optical aberrations for unaccommodated eyes. 

Therefore, the object was always considered at infinity. Following this criterion, to 

evaluate corneal aberrations we placed the object at the infinity to achieve rays parallel to 

keratometric axis. 

 

5HIHUHQFH�³VSKHUH´��,PDJH�SODQH�SRVLWLRQ�
An aberrated wavefront changes its shape as it propagates, so the wave aberration 

depends on the radius of the reference sphere taken as ideal reference. For small 

aberrations, this is a small effect, but for large aberrations, it should be taken into account. 

In paraxial optics it is not difficult to find the ideal sphere see definition in chapter I 

section 1.1 , but for irregular surfaces there is some uncertainty to define the ideal 

sphere. In order to provide a direct comparison with total aberrations the reference sphere 

must be chosen with a similar criterion. When measuring experimentally the ocular wave 

aberrations, the image plane is located at the retina, and typically found by assessing the 

eye’ s best subjective correction. When estimating corneal wave aberrations we use the 

best focus position as the position that minimizes the root-mean-square spot size. 

Alternative best focus definitions could be used, such as minimizing root-mean-square 

wavefront error. We found that differences across Zernike coefficients computed using 

both criteria were only in the third decimal digit for real corneas. There are even other 

definitions of the ideal sphere of an irregular surface. To our knowledge, the commercial 

software CTView developed by Sarver and Associates, Inc, evaluates the sphere radius as 

an average of reference radius for the set of corneal points, where in each point the sphere 

radius is obtained forcing a zero optical path difference with respect the chief ray.  

 

0HGLXP�RI�UHIUDFWLRQ�LQGH[��7HDU�ILOP�LQIOXHQFH�
The corneal surface separates two media: air and a second medium. For ray tracing, 

the index of refraction of this second medium is relevant.   

The human cornea is composed by several layers. From the corneal surface to the 
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anterior chamber: Tear film, Epithelium, Bowman´s membrane, stroma, Decement’ s 

membrane and endothelium. Each of these layers has different thickness and refractive 

index. Therefore, for a realistic optical modeling of the cornea all these magnitudes 

should be accurately measured. However to date there is limited knowledge of the 

refractive LQGH[�RI�WKH�GLIIHUHQW�OD\HUV� Patel et al29 provides the following refractive 

indices: 1.401 for the corneal epithelium, 1.380 for the anterior stroma and 1.373 for the 

posterior stroma .  Some controversy exists in the assignation of an average refractive 

index for the cornea modeling, and in particular the evaluation of tear film contribution. 

In fact, the major refractive index change for rays entering the cornea occurs between air 

and tear film (tear film index is ~ 1.336730). Albarrán et al31 showed that, in paraxial 

approximation, the total refractive power of the cornea does not change whether the tear 

lens is considered or not. However, even a simple model which simulates the tear film as 

a meniscus (first surface convex and second surface concave) with conic surfaces, 

predicts that spherical aberration of tear film would play a role. It is easy to show that only 

very specific combinations of radius and asphericities could explain a spherical 

aberration-free tear film. When irregular surfaces are considered, contribution of the tear 

film to higher order aberrations is likely.    

Some authors20, 32, 33 have used an average value of refractive index of 1.376 to model 

the cornea, ignoring the tear film, while other authors23, 24, 28 use an effective  value of 

1.3375, closer to consider the effect of the tear film.  

In this thesis, considering the lack of information of the real refractive structure of the 

cornea, we reduce it as a thin lens which separates two media: Air and aqueous humour, 

n=1.3391 for a 0.543 µm wavelength, which is a value close to the effective value 

(1.3375) used for modelling the whole cornea.  

�
5HIHUULQJ�FRUQHDO�ZDYH�DEHUUDWLRQ�WR�WKH�OLQH�RI�VLJKW�D[LV��

While the total aberration measurements with the LRT system are referred to the line 

of sight, the videokeratoscope uses the keratometric axis for centration (passing through 

the fixation point and center of curvature of the cornea). These two axes intersect the 

entrance pupil at different locations and differ by aQ�DQJOH� ��$� VFKHPDWLF�GLDJUDP� LV�
shown in Figure II.5. 
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)LJXUH� ,,��� �$� Total aberrations are referred to the line of sight and measured at the pupil plane. 
Corneal topography is referred to the keratometric axis and it is measured at the plane normal to the 
keratometric axis at the corneal reflex. �%� Both reference systems and shifted by distance D, which is 
corrected with the recentration algorithm. �&� Reference systems are also WLOWHG�E\�DQJOH� . 

 

The difference between the two reference systems can be decomposed in a shift 

difference distance D  and a tilt DQJOH� . Since the entrance pupil center is not 

available from the Humphrey-Zeiss videokeratoscope pupil images, due to the 

superposition of the Placido rings with the pupil margin, we have developed a custom 

software to correct for the shift (D) between corneal aberration and the total wave 

aberration map. The routine finds the pupil position that produces a minimum in the 

difference of corneal to total aberrations. Corneal aberrations are computed over a large 

pupil diameter (10 mm) and re-computed over a smaller pupil (matching the pupil size of 

total aberration measurements), moving the center across a 1-mm square region around 

the position of the corneal reflex, at 0.1-mm steps. A difference total-corneal map is 

computed for each pupil location, and the RMS of the difference map is calculated. This 

surface shows a minimum, typically slightly off-center from the corneal reflex. Figure 

II.6 shows several examples of RMS difference maps. 
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)LJXUH�,,��� Examples of RMS difference maps between total a corneal wave aberration maps. Pupil 

coordinates are referred to corneal reflex. Blue colors indicate regions where RMS is lower.  
 

 In all cases the location of the minimum is well defined. The procedure is typically 

done considering 3rd and higher order aberrations in both the total and corneal aberration 

maps. Independent measurements of the relative displacement of the 1st Purkinje image 

with respect to the pupil center on selected subjects 34  showed similar results than those 

retrieved by the described procedure. 

We computed that for a typical eye corneal aberration data (3rd order and higher) 

changed by 10% when shift D was corrected. While, as expected, spherical aberration did 

not change significantly by the centering procedure (3% on average), third-order 

aberrations changed by 22%. Figure II.7 shows the corneal aberration pattern for the same 

eye, centered at the corneal reflex (as directly processed from the corneal 
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videokeratoscope raw data) and at the pupil center. While direct corneal data show no 

coma, when the actual pupil position is taken into account, we observed that coma is 

predominant along with spherical aberration.  

The routines described above correct for the shift distance D, but do not correct for tilt 

E\�WKH�PHQWLRQHG�DQJOH� ��7KLV�DQJOH�FDQ�EH�FRPSXWHG�E\�PHDVXULQJ�WKH�GLVWDQFH�EHWZHHQ�
the anterior corneal intersects of both axes, taking into account the fixation point distance 

for this instrument. While the keratometric axis intersection with the anterior corneal 

surface could be located by means of the corneal reflex, the corneal sighting center 

(intersection of line of sight with anterior corneal surface) is not available in our patients. 

Mandell et al35 reported an average difference of 0.38±0.10 mm between the corneal 

intersect of the keratometric axis and corneal sighting center across 20 normal eyes. 

Assuming similar values in the eyes measured in this thesis, and for the nominal 

148.3-mm fixation point distance in the Humprhey-=HLVV�YLGHRNHUDWRVFRSH��WKH�DQJOH� �
(angle between keratometric axis and line of sight) is ~0.15 deg. Taking this average tilt 

into account, RMS changes only by 3.1% for 3rd order terms, and 0.43% for spherical 

aberration.  

 

 
)LJXUH� ,,��� Corneal wave aberration contour maps for a corneal surface, after LASIK surgery, 

centered at the pupil center, after realignment (OHIW) and centered at the corneal reflex (ULJKW), directly from 
corneal topography data without realignment. Contour line spacing: 1 µm. Pupil diameter: 6.5 mm. Piston, 
tilt, defocus, and astigmatism excluded to minimize the RMS wavefront error in each map. 

 

Reference: corneal reflexReference: pupil center  
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���,QWHUQDO�DEHUUDWLRQV�HVWLPDWLRQ 

 
Wave aberrations of a multi-element system are additive21, thus wave aberration of 

the total eye can be treated as the sum of corneal and internal aberrations. However it 

should be considered that in this scheme, while the wave aberration for the cornea is 

evaluated for an object point situated at infinity (parallel incoming rays), for the 

crystalline lens the wave aberration is evaluated with respect an object point O’  (Figure 

II.8), being O’  the cornea focus point. The position of the virtual object O’  with respect to 

the lens is the focal length of cornea surface minus the length of the anterior chamber as 

shown in Figure II.8. 

For a typical corneal focal length of 30 mm and an anterior chamber depth of 3 mm, 

when corneal aberrations are subtracted from total aberrations,  the aberrations of the 

crystalline are expressed for a virtual object point situated at (cornea F’  – ACD)=30 

mm-3 mm=27 mm from the back surface of the crystalline lens.  Furthermore, the virtual 

object point is not a perfect point because of the aberrations of the cornea, although the 

effects of wave aberration of the incoming beam into the lens are less critical than the 

global convergence. 

 

 
)LJXUH�,,��� Virtual ray tracing through a schematic eye model. The refracted rays are only shown 

after passing through the cornea converging to the best corneal focus point. This point is the virtual object 
point for the crystalline, at a distance given by the corneal focus minus the anterior chamber depth (ACD), 
from the back vertex of the first surface of the crystalline lens. 
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Therefore, apart from the aberrations of the crystalline lens (or intraocular lens in 

patients after cataract surgery), internal aberrations also contain the effects of the 

convergence of the incoming beam, and therefore will be affected by anterior corneal 

shape and the individual anterior chamber depth, as well as the posterior surface of the 

cornea. Possible influence of the posterior corneal surface on the measured internal 

aberrations will be discussed in chapter IV and V. We will also study possible changes in 

internal aberration measurements with changes in anterior corneal shape (such as occurs 

with LASIK in chapter V).                  �������      
 

���$FFXUDF\�DQG�SUHFLVLRQ��VRXUFH�RI�HUURUV 
 

Measurement errors are usually classified under two different categories: %LDV�HUURUV 
and 3UHFLVLRQ�HUURUV��%LDV�HUURUV�are those systematic errors related to the nature of the 

measurement and are expected to be constant across measurements, affecting the 

DFFXUDF\ of the measurement (i.e. how close the measurement is to the real value). 

Precision errors�are related to the measurement conditions and are random in nature (i.e. 

they can be treated statistically and can be evaluated by performing several 

measurements). 

In this section we evaluate measurement errors in corneal aberrations methodology 

and refer to errors in total aberrations as reported in previous works.  

�
����%LDV�HUURUV��$FFXUDF\�

 

The accuracy of the laser ray tracing technique to measure total aberrations has been 

tested by comparing results with two other total aberration measurement techniques, a 

Hartmann-Shack sensor and a spatially resolved refractometer3. An average global 

standard deviation in Zernike coefficients across techniques was reported to be 0.09µm. 

Bias errors in corneal aberrations methodology are induced by the following factors: 

��� (UURUV� DVVRFLDWHG� ZLWK� WKH� UHIOHFWLRQ� 3ODFLGR� GLVN� WHFKQRORJ\� DQG� WKH�
UHFRQVWUXFWLRQ�DOJRULWKP� 

Extensive work has been done previously to test the accuracy of videokeratoscopes 

and even ANSI standards have been proposed with protocols for accuracy testing36. 
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Several studies have analyzed the accuracy of the measurement of Placido disk systems23, 

37, 38 on test surfaces. All these studies evaluate these errors as the differences in the 

elevation data provided by the videokeratoscope with respect to UHIHUHQFH�YDOXHV�on the 

same surfaces measured with profilometric or interferometric techniques, assuming that 

bias errors of these reference values are negligible with respect to those from the 

videokeratoscope. 

We performed measurements of elevation data on a PMMA 8-mm sphere before and 

after laser ablation (using the same laser system used for refractive surgery, for a 3 D 

correction over a 6 mm optical zone). As it will be seen in chapter V, this procedure is 

expected to change the curvature and asphericity of the treated surface.  We compared 

surface elevation measured with the videoqueratoscope with two other standard 

techniques: A Talysurf system based on contact profilometry and a confocal scanning 

microscope (Sensofar PLµ). The three systems measured spherical surfaces of 8.01 mm 

before treatment (the nominal value was 8.00 mm). The elevation results after the laser 

ablation procedure are shown in Figure II.9 A. The differences between techniques 

increase with the radial coordinate, and at the center. Measurements with the confocal 

microscope are limited only to a region of 2mm of radius. Because of this, we only 

considered as reference values those given by the Talysurf. The maximum absolute 

difference between Talysurf and videokeratoscope techniques was 1.77 µm and the 

average error given by the root mean square error (RMSE) was 0.724 µm. 

 
)LJXUH�,,��� $� Elevation raw data subtracted from a PMMA treated sphere, in a random meridian. 

Data from the confocal microscope are given in a smaller area because of the range limitation of the 
device. %� Videokeratoscope elevation data minus Talysurf elevation data (absolute errors). 
Videokeratoscope data have been interpolated over an equi-spaced sample to allow appropriate 
comparison.    
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Previous studies measuring accuracy in Humphrey videokeratoscope also report a 

decrease in the accuracy with radial distance of the surface point23, 38, although  higher 

errors have been reported, RMSE of 3.7 µm for a 5.4 mm  radius conic surface in 

Schultze’ s study38 and RMSE within 1-3 µm in an ellipsoidal surface (R=9.37 mm, 

Q=0.6) in Guirao et al23. The error distribution in both studies is given graphically. 

Shultze (Figure 1, pag 102)38 found (for conic surfaces) an elevation error that increases 

slightly up to 2.4 mm of radial coordinate and then increases following a linear relation 

with positive absolute errors, thus meaning an over-estimation. Guirao & Artal also found 

(Figure 3, pag 960)23  a linear increase in the error with radial coordinate (information in 

the sign is not provided) but much lower  than  the one found by Schultze. The 

distribution of error found in our study is shown in figure II.9.B). There appears to a 

linearly increasing error towards positive values with radial coordinate, although this 

pattern changes beyond 4 mm from the center.  

   

���(UURUV�LQ�VXUIDFH�PRGHOLQJ�
As mentioned above, corneal elevation maps are fitted to a Zernike polynomial 

surface. The goodness of this representation can be evaluated as the difference between 

the raw elevation data and the fitted elevation data. Figure II.10 shows absolute 

differences (Raw height data – Fit height data) for an individual cornea. 

The largest difference found across the cornea was 2 µm. Fit differences in each ring 

present a random distribution, but with increasing radial coordinate errors values 

increase. For ring #1 (~0.4 mm from the center) the data show an absolute fit difference of 

0.398±0.345µm, while for ring #21 (~5  mm) that value is 0.704±0.569µm. This finding 

parallels the increasing experimental error of the videokeratoscope in peripheral data. 

The Root Mean Square Error (RMSE) is used as general metric to evaluate the global 

goodness of the fitting. For a set of normal corneas (14 eyes) we obtained a mean RMSE 

of  0.43±0.11µm and for a set of post Lasik corneas (14 eyes) we measured 0.53±0.11µm. 
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)LJXUH�,,���� Absolute differences (Raw height data – Fit height data) as function of radial coordinate 
for an individual cornea. 

 

The RMSE can decrease slightly using more terms in the Zernike polynomial fitting. 

However, it has been demonstrated that increasing the order of the expansion may result 

in capturing higher amounts of experimental error of the videokeratoscope. Iskander has 

demonstrated that  a high number of Zernike terms is not necessary for an accurate fitting 

of corneal data 19). We typically use a 7th order Zernike expansion with 35 terms to fit 

corneal elevation data, as we do to describe the total wave aberration. 

          

���3URSDJDWLRQ�RI�YLGHRNHUDWRVFRSH�ELDV�HUURU�WR�ZDYH�DEHUUDWLRQ�HVWLPDWLRQ�
To evaluate the propagation of videokeratoscope bias error onto the wave aberrations, 

we have simulated different elevation data errors and calculated differences in corneal 

aberrations estimation. A first approach is to estimate the propagation error as the 

multiplication of the refractive index differences by the root mean square bias error of 

elevation data37.  However this approach does not consider the spatial distribution of 
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elevation error and the “ smoothing”  effects that surface modelling with a Zernike 

polynomial expansion performs over the elevation error. Therefore, that approach tends 

to overestimate the propagation error. It is clear that the distribution of elevation errors 

plays an important role in the error propagation to the wave aberration estimation. As 

mentioned above, different studies provide different distributions and magnitudes of the 

errors of the elevation data. We used the highest value available (RMSE=3.7µm) as well 

as the value found in our study (RMSE= 0.724µm) to evaluate the range of possible error 

for the wave aberration estimation. 

 We simulated two different error distributions and their final effect on aberrations 

errors: 1) A random distribution error across radial coordinates. 2) A linear increasing 

error with radial coordinate.  

Results are shown in Table II.3, where the RMS and standard deviation value of the 

wave aberration residuals (differences between estimation with and without simulated 

error), provides an average bias wave aberration error. Given the properties of the Zernike 

polynomials, the RMS of the wave aberration residual divided by the square of the 

number of Zernike coefficients is an estimate of the mean standard deviation error of the 

Zernike coefficients (standard error).  

RMSE of elevation data = 3.7 µm  RMSE of elevation data = 0.724 µm  
RMS residual 
wavefront (µm) 

Mean standard 
error of Zernike 
coefficients 

RMS residual 
wavefront (µm) 

Mean standard 
error of Zernike 
coefficients 

Random 

distribution 

0.0874 0.0152 0.0171 0.0030 

Linear 

distribution 

0.1061 0.0185 0.0206 0.0036 

7DEOH�,,��� Propagation of bias error in elevation data to wave aberration error for the corneal topography 
of a highly aberrated eye (RMS wavefront error=2.1849 µm). Simulation with an elevation RMS error of 3.7 
µm (as reported by Schultze et al.) and 0.724 µm (from this study) assuming both a random and a linear 
distribution of the error 

 

These results indicate that a random error induces a lower error than a systematic 

linear error in the estimation of the wave aberration. From the above simulations we can 

estimate a range of error (mean standard error of Zernike coefficients) of 0.0036-0.0185 

µm, with a median value of 0.013 µm. It should be noted that these results are obtained 

from the error associated to a specific profile in PMMA, and simulating a determined 
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error distribution over a particular high aberrated cornea. Different results may be 

obtained for different elevation profiles or error distribution. However our results are 

obtained in an extreme case: a profile produced by a LASIK ablation; therefore with 

simpler profiles, such as no treated corneas, the errors are probably lower.   

��
����3UHFLVLRQ�HUURUV�

 

Precision errors are generated by changes in the measurement conditions. 

In total aberrations measurements the precision was evaluated by estimating the 

Zernike standard deviation averaged across terms. We found that it ranged from 0.01 µm 

to 0.12 µm depending on the study (see different chapters for specific values). 

In the corneal aberration measurements the sources of precision errors include 

defocusing of the rings captured by the camera, misalignment between the 

videoqueratographer axis and corneal axis (axis passing through the center of curvature 

of the anterior corneal surface and normal to the surface), microfluctuations in eye 

position b, tear film fluctuations, or different effects of the eyelid, These type of errors can 

be treated statistically and its effects evaluated by performing consecutive measurements.  

Figure II.11 shows the distribution of standard deviation in elevation data 

measurement of the videokeratoscope in 5 consecutive measurements on the same cornea 

used for the simulations of accuracy propagation. 

The standard deviation increases with radial coordinate with a mean value of 

2.23±2.11 µm. This variability in the surface elevation measurements results in the 

variability of corneal Zernike coefficients shown in Figure II.12. The mean standard 

deviation across Zernike terms of is 0.015±0.0236 µm. 

 

                                                
b Buehren et al39 have proposed some techniques to minimize errors associated to microfluctuations in 

eye position such as tilts or shifts but requiring taking multiple measurements within a short time period. 
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)LJXUH�,,���� Standard deviation in elevation data (µm) measurement of the videokeratoscope 

across five consecutive measurements on the same cornea as function of radial coordinate (mm). 
�

�
����&RPELQLQJ�ELDV�DQG�SUHFLVLRQ�HUURUV�

 

The combination of bias and precision errors provide the actual errors of the technique 

and permits comparison with other aberration techniques. The global error is given by the 

addition of both bias and precision errors (assuming no interrelation of both type of 

errors). It is interesting to point out that the standard error (averaged across Zernike 

coefficients) due to accuracy (0.013 µm) is of the same order than that due to precision 

(0.015 µm). These errors of corneal aberration measurements with the described 

methodology are lower than those found for total aberration across Zernike terms using 

Laser Ray Tracing (0.063 µm). 
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�
)LJXUH�,,���� Standard deviation in Zernike wave aberration coefficients (µm) across five 

consecutive measurements on the same cornea.�
 

����(UURUV�LQ�LQWHUQDO�DEHUUDWLRQ�HVWLPDWLRQ�
 

Internal aberrations are estimated by direct subtraction of corneal from total 

aberrations which are independent measurements. Therefore errors associated to internal 

aberrations measurement is estimated adding the errors from both techniques. 

 

���6RIWZDUH�IRU�FRUQHDO�ILWWLQJ�DQG�DEHUUDWLRQ�FRPSXWDWLRQ�
 

For the estimation of the corneal aberrations we have written codes in different 

programming languages. Modelling of the corneal surface from videokeratoscope data 

and shift correction are written in Matlab.  Virtual ray tracing through corneal surface 

were performed with Zemax macro language. A user-friendly Visual Basic global 

interface has been developed to perform the different steps to obtain corneal aberrations. 

This interface has a modular organization where each module performs a different task. 

1) Generate Zemax files: To fit the videokeratoscope data to a surface shape 

0 5 10 15 20 25 30 35
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

 

 

=H
UQ
LNH

�$
PS

OLWX
GH
���

P�

=HUQLNH�FRHIILFLHQWV��



r�s�t�u�v w�xy�y�z�{�w�v s�|�}�~

 56 

to be used in Zemax. Two input parameters: Corneal surface fitting diameter and the 

number of Zernike terms to be used in the polynomial fitting. 

2) Conic fitting: To fit videokeratoscope data to a conic surface. Three input 

parameters: Corneal surface fitting diameter and the initial apex radius and 

asphericity to perform the fitting routine (an additional parameter, piston with no 

physical meaning, is also used). 

3) Simulating ray tracing: To create the Zemax macro needed to perform the 

virtual ray tracing. Three input parameters: Wavelength, corneal surface diameter 

and the notation of the Zernike aberrations. 

4) Corneal aberrations with respect to the pupil center. To correct the shift 

between pupil center and corneal reflex.   

Figure II.13 shows the interface with its modules. 

 
)LJXUH���� Interface written in Visual Basic of the software developed to evaluate corneal aberrations. 

�
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�

���3URWRFROV�LQ�VXEMHFW�PHDVXUHPHQWV�
 

The procedures involving subjects were reviewed and approved by Institutional 

Bio-ethical Committees of the Consejo Superior de Investigaciones Científicas, Instituto 

de Oftalmobiología Aplicada (Universidad de Valladolid) and Fundación Jimenez 

Diaz,Madrid, and met the tenets of the Declaration of Helsinki. 

 Each patient signed a consent form. All the measurements presented in this thesis 

were performed under pupil dilation (with 1 drop tropicamide 1%). A complete 

measurement of the total wave aberration, including informed consent explanation, pupil 

dilation and dental impression fabrication took less than 45 minutes. 

In addition to total aberration and videokeratoscope other measurements were 

typically conducted on the patients: Axial length and anterior chamber depth with an 

optical biometer based on Optical Coherence Tomography (IOL Master, Carl Zeiss, 

Germany),  autorrefraction (Automatic Refractor Model 597, Humphrey-Zeiss), and slit 

lamp examination. 

All subjects in the present thesis are selected patients from the Instituto de 

Oftalmobiología de Valladolid (IOBA), from the Fundación Jimenez Diaz (FJD)  Madrid 

or normal volunteers. All participating subjects had a previous eye examination in a 

clinic. 
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This chapter is based on the article  by  Barbero, S, et al., $�YDOLGDWLRQ�RI�WKH�HVWLPDWLRQ�RI�
FRUQHDO�DEHUUDWLRQV� IURP�YLGHRNHUDWRJUDSK\�� WHVW�RQ�NHUDWRFRQXV�H\HV� J Refract Surg, 2002. 

18: p. 267-270. Coauthors of the study are: Susana Marcos, Jesus Merayo-Lloves and Esther 

Moreno-Barriuso. 

The contribution of Sergio Barbero to the study was to develop the corneal aberrations 

technique, to carry out the experimental measurements (total and corneal aberrations) on 

patients, data analysis, and the discussion of the results. 
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2%-(7,926: Validación de una técnica de trazado de rayos virtual, a partir de datos de 

elevación de un topógrafo corneal, comparando los resultados con una técnica de trazado de 

rayos experimental (LRT) para la medida de aberraciones totales, en ojos donde domina la 

óptica de la cornea (i.e. queratocono). Estudio de las aberraciones ópticas en ojos con 

queratocono. 

0e72'26: Medimos las aberraciones totales y corneales en 3 ojos diagnosticados con 

queratocono mediante el examen clínico con una lámpara de hendidura y topografía corneal. 

Dos de los ojos de uno de los pacientes (A) manifestaban queratoconos incipiente, mientras en 

un ojo de otro paciente (B) el queratocono se encontraba en un estado avanzado. Las medidas 

de aberraciones totales se realizaron con la técnica de trazado de rayos (LRT). Las aberraciones 

corneales se calcularon a partir de datos de elevación tomados con un topógrafo corneal 

(modelo Humphrey Instruments) mediante una marcha de rayos virtual.   

5(68/7$'26: 1) Los ojos con queratocono medidos muestran una cantidad 

significativamente mayor de aberraciones (tanto totales como cRUQHDOHV�� especialmente 

aberraciones de tipo comático  que las de un grupo de ojos normales (3.74 veces mayor en 

promedio). 2) El mapa de aberración total y corneal es muy similar en ojos con queratocono. 3) 

Esta similitud es mayor en el paciente A, lo cual podría ser indicativo de una contribución 

significativa de la cara posterior de la cornea en el paciente B.  

&21&/86,21(6: 1) La semejanza en los patrones de aberraciones totales y corneales 

encontradas en los pacientes con queratocono sirve como una prueba de validación de ambas 

técnicas para ser usadas conjuntamente. 2) Ambas técnicas son útiles en el diagnóstico y 

cuantificación de la degradación óptica debido al queratocono.  



 

&KDSWHU�,,,��9DOLGDWLRQ�RI�WKH�HVWLPDWLRQ�RI�FRUQHDO�DEHUUDWLRQV��NHUDWRFRQXV 

62 

$%675$&7�
�
�
PURPOSE: To validate the estimation of corneal aberrations from videokeratography 

against a laser ray tracing technique (LRT) that measures total eye aberrations, in eyes with 

cornea-dominated wave aberrations (i.e. keratoconus). To study optical aberrations in eyes 

suffering keratoconus. 

METHODS: We measured total and corneal wave aberrations of 3 eyes diagnosed with 

keratoconus by slit-lamp microscope examination and corneal topography: two eyes from one 

patient (A) with early keratoconus and one eye with a more advanced keratoconus (B). Total 

aberrations were measured with LRT. Corneal aberrations were obtained from corneal 

elevation data measured with a Humphrey Instruments corneal videokeratoscope, and using 

custom software that performs a virtual a ray tracing on the measured front corneal surface. 

RESULTS: 1) The keratoconus eyes show a dramatic increase in aberrations (both corneal and 

total) particularly coma-like terms respect of a group of normal eyes (3.74 times higher on 

average). 2) Anterior corneal surface aberrations and total aberrations are very similar in 

keratoconus. 3) This similarity is greater for patient A, suggesting a possible implication of the 

posterior corneal surface in patient B. CONCLUSIONS 1) The similarity found between 

corneal and total aberration patterns in  keratoconus provides a cross-validation of both types of 

measurements (corneal topography and aberrometry 2) Both techniques are useful in 

diagnosing and quantifying optical degradation imposed by keratoconus.  
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While the presence of optical imperfections in the eye beyond conventional refractive errors 

(known as optical aberrations) have been noticed for more than a century1, it is only in the last 

few years when they have been considered from a clinical perspective. The interest has been 

mainly drawn by the evaluation of refractive surgery outcomes, and by the increasing 

possibilities of correcting (through surgery or other means) these high order errors2-4.    Corneal 

topography systems are widely used in the clinic, and in particular, corneal aberrations have 

been measured following refractive surgery, and the results have been correlated to visual 

performance5, 6. However, the optical quality of the human eye is determined by the optical 

properties of both the cornea and the lens, as well as to their relative alignment and to the 

position of the pupil7. For this reason the measurement of the total aberrations provides the 

most complete description of the image forming properties of the eye.  

Several types of aberrometers have been used to assess the ocular aberrations in normal 

eyes8-10, and following refractive surgery11-14. Undoubtedly, the combination of the information 

provided by corneal topography and aberrometry provides interesting insight into the properties 

of the individual ocular components14-16. However, both techniques rely on very different 

principles. Typical corneal topographers project a Placido disk (a set of concentric rings) onto 

the anterior surface of the cornea. Corneal elevation maps are obtained from the distortions of 

the reflected rings. The aberrations caused by the front surface of the cornea are then computed 

by theoretical ray tracing. However, typical aberrometers measure the deviations of beams 

projected onto the retina through different pupil locations (i.e. laser ray tracing17, spatially 

resolved refractometer18  or Tscherning´s aberroscope19), or analyze the wavefront as it 

emerges out of the eye (i.e. Hartmann-Shack8). Factors affecting resolution and accuracy are 

very different across methods (videokeratography and aberrometry). Whereas the wave 

aberration  is computed directly from a set of ray aberrations, the corneal heights are computed 

from the ring reflection positions and surface location measured from the video images20. Total 

aberrations are measured directly, whereas some assumptions (i.e. index of refraction) are 

needed to compute corneal aberrations.  

Prior to comparing total and corneal aberrations, it seems necessary to prove that both 

techniques are directly comparable. The ideal test are eyes where total and corneal aberrations 

should be identical, or at least eyes where total aberrations are dominated by the aberrations of 
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the front surface of the cornea. An approximate model of the first case is an aphakic eye. An 

approximate model of the second is a keratoconus. Given the distinct nature of the two cases, 

we will treat them separately. In the current chapter, we will study the keratoconus case –the 

aphakic case will be study in chapter IV-.  

The front surface of the cornea is the major refractive component in the eye, and it is 

strongly distorted in eyes suffering from keratoconus21, 22. Important similarities are therefore to 

be expected between anterior corneal aberration and total aberration patterns. Furthermore, this 

comparison can be a good cross-validation of the two techniques used in this study: 1) 

Computation of anterior corneal aberrations by simulated ray tracing on corneal elevation maps 

as measured by a Humphrey Atlas corneal videokeratoscope, and 2) Laser Ray Tracing 

measurements of ocular aberrations. Although presumably relatively small in conventional 

keratoconus, the crystalline lens and posterior corneal surface play a role in overall image 

quality15, 23. This indicates that the measurement of total aberrations may have advantages over 

the measurement of just anterior corneal aberrations, allowing a better comparison with visual 

performance. For example, posterior keratoconus, characterized by a conical protrusion of the 

posterior corneal curvature, a thinned stroma and non-protruding anterior surface24, could be 

detected measuring the total aberrations, while anterior aberrations would appear as normal. A 

lack of correspondence between total and anterior corneal aberrations in a diagnosed 

keratoconus may well be indicative of an involvement of the posterior corneal surface. 

�
���3DWLHQW�DQG�PHWKRGV�

 

Total and corneal aberrations were measured on three eyes from two patients: both eyes of 

patient A (female, aged 34) and right eye of patient B (female, age 40). The three eyes were 

diagnosed with keratoconus by slit-lamp microscope examination, corneal topography, 

presence of high astigmatism, and reduced visual acuity, being in an early stage for patient A 

and more advanced in patient B. Computer-assisted videokeratography (Humphrey-Zeiss 

Mastervue Atlas Corneal Topography system) was performed during the experimental sessions. 

Figure III.1 shows topographic power maps, revealing corneal inferior steepening in all eyes 

within ranges reported in the literature as indicative of keratoconus21, 25, 26.  
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)LJXUH� ,,,��� Topographic power maps, revealing corneal inferior steepening in all eyes within ranges 

reported in the literature as indicative of keratoconus21, 25, 26. 
 

Patient A’s autorefractometer refraction was –2.5D –2.5D x 35º (OD) and –2D –2D x 125º 

(OS). Best spectacle-corrected visual acuity (BSCVA) was 20/50 and 20/40 respectively. 

Patient B’s refraction was –5.25D –5.25D x 33º (OD), with a BSCVA of 20/100. The two types 

of measurements (corneal and total aberrations) were performed in the same experimental 

session, after recent clinical screening. Pupils were dilated with one drop of tropicamide 1%. 

The patients signed informed consent forms approved by institutional ethical committees.  

Total aberrations were measured using a Laser Ray Tracing (LRT) Technique Figure III.2 

(a) shows the set of retinal images for one of the runs recorded in a keratoconus eye (Patient A, 

OD). The location indicates the corresponding entry pupil position. Measurements were done 

over a 6.51 mm effective pupil diameter for patient A (step-size= 1-mm) and 5.5 mm for 

patient B (step-size=0.8-mm). We had to reduce slightly the sampled area due to the large 

amount of aberrations present in patient B. Even with best spherical and cylindrical correction, 

the aerial images for the most eccentric locations of 6.51 mm pupil did not fit in the CCD array. 

Figure III.2 (b) shows a joint plot of the centroids of those images (spot diagram).  
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)LJXUH� ,,,��� $� Set of retinal images, captured by the high resolution CCD in Laser Ray Tracing as a 

function of entry pupil location, for patient A, OS. Each retinal aerial image is located at the corresponding entry 
pupil location. Pupil effective diameter was 6.51 mm. %��Spot diagram, i.e. joint plot of centroids of the retinal 
images shown in A. 

 

Corneal elevation maps were obtained from each eye, using the Mastervue Corneal 

Topography System (Humphrey Instruments, San Leandro, CA). Except for initial control 

experiments, only one map was captured per eye. Figure III.3 (a) shows a typical corneal 

elevation map in a keratoconic eye (Patient A, OS). In order to show the irregularities, we have 

subtracted the first six terms of Zernike polynomial fit to the height data from the raw height 

data27. Figure III.3 (b) shows the simulated spot diagram for the example shown in Figure III.3 

(a). 
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)LJXUH�,,,��� $���Residual height map of patient A, OS. A Zernike polynomial fitting (up to the 2nd order) 

has been substracted from raw height data, in order to enhance relevant features27. %��Spot diagram obtained by 
virtual ray tracing on corneal height data (Patient A, OS).  Stop pupil diameter was 6.51 mm after appropriate 
centration.��
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Figure III.4 shows total (upper row) and corneal (lower row) wave aberration maps for 

patients A (OD and OS) and B (OD). Contours have been plotted at 1-µm intervals. Pupil sizes 

are 6.51-mm for patient A and 5.5-mm for patient B. The gray scale for corneal and total 

aberrations is the same for each patient. Tilt and defocus have been cancelled in all eyes.  

There is a good correspondence between corneal and total wave aberration maps. Peak-to-

valley values are double in patient B than in patient A.  

Figure III.5 compares corneal (open diamonds) and total (solid circles) Zernike coefficients 

for each eye, following the ordering and notation recommended by the Optical Society of 

America Standard Committee28. For patient A, there is a good correspondence between total 

and corneal aberrations. In both eyes of this subject, the dominant aberration is the coma term 

Z3
-1, which is higher than astigmatism. The dominance of coma is also evident in the wave 

aberration plots. 
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)LJXUH� ,,,���� Wave aberration patterns (without tilts and defocus) in the 3 measured eyes, for total 

aberrations (upper row) and corneal aberration (lower row). Contour lines are plotted every 1 µm. The grey scale 
pattern represents wave aberration heights in microns. Diameters were 6.51 mm in patient A and 5.51mm in 
patient B. 
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)LJXUH�,,,��� Total (solid circles) and corneal (empty diamonds) aberrations for Patient A, OD (A), Patient 

A, OS (B) and Patient B, OD (C). Notation follows the OSA Standard Committee’s recommendations28 
 

The largest difference between total and corneal aberration for patient A was found for 

spherical aberration (coefficient of Z4
0 element). For the right eye, corneal and total spherical 

aberration have different sign and show a total difference of 0.74 µm, whereas for the left eye 

corneal spherical aberration exceeds total spherical aberration by 0.55 µm. This indicates a 

compensation of corneal spherical aberration by spherical aberration of the crystalline lens. 

This balance of spherical aberration is a common finding in normal eyes15, 29. While the 

progressive disease seems to affect high order terms (particularly coma) of both corneal and 

total aberrations, it does not seem to modify the amount of spherical aberration (Z4
0). 
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In patient B, the correspondence between corneal and total Zernike terms is worse than for 

patient A. Some exceptional terms show large differences. Major differences are found in 

astigmatic term Z2
-2 (4.58 µm difference), third order term Z3

3 (0.63 µm) and 4th order term Z4
-4  

(1.15 µm). In this subject, astigmatism is the dominant term, followed by coma.  

For the sake of clarity, error bars have not been plotted in Figure III.5. Control experiments 

performed in one patient show a mean standard deviation of 0.08 µm for the corneal Zernike 

coefficients (averaged across terms, excluding tilts and defocus). The mean standard deviation 

for the total Zernike coefficients (averaging across the three eyes and coefficients) was 0.13 

µm. 

Table III.1 shows the RMS for different terms and orders evaluated for the three eyes. There 

is a clear predominance of 3rd order (coma-like) terms, both in corneal and total aberration. In 

terms of variance (squared RMS), they represent 61% (70.72% for patient A and 41.53% for 

patient B) of the aberration (excluding tilt and defocus, but including astigmatism). Excluding 

astigmatism, coma-like terms represent 90.85% of the variance. Mean 3rd order aberration 

(2.02±0.41 µm) in this group of keratoconus eyes exceeds by a factor of 3.74 the average 3rd 

order aberration (0.54±0.30 µm) of a group of normal eyes. This control group of 22 eyes from 

12 subjects was within similar age range (28±5 years) and within similar refractive errors (-

6.42±2.5 D sphere)13.�
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�
7DEOH� ,,,����Root mean square (RMS) and Zernike corneal and total terms of OD-OS in patient A and OD in 
patient B. 

�
�

���'LVFXVVLRQ�
�

Corneal and total aberrations were estimated in three eyes, all diagnosed with keratoconus 

at different stages of the disease. We found good correspondence between corneal and total 

aberrations, particularly in both eyes of patient A, indicating that the overall aberration pattern 

is dominated by the front corneal surface, and that both methods are able to capture similarly 

the distortions produced by the irregular cornea. Our results show that Humphrey Mastervue 

Atlas corneal topography system and laser ray tracing are both adequate tools to analyze optical 

quality in keratoconus. As reported previously30 image degradation in keratoconus is mainly 

due to an increase in higher order aberrations, particularly coma. In the three affected eyes from 

this study, third order aberrations increase by a factor of 4.24, 2.87 & 4.13 respectively with 

respect to normal eyes13.  

36 47.1 74.9 74.1 69.1 64.9 

93 86.3 89 91.6 91.1 94.1 
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We have shown both techniques provided good results (valid topography data and good 

quality retinal images in LRT) in these eyes with abnormally high order aberrations. Both 

techniques failed in two eyes with a highly advanced stage of keratoconus (one patient 

scheduled for keratoplasty, not shown here). In these eyes, the videokeratographic images were 

so distorted that the commercial software did not accept the data. Many of the LRT aerial 

retinal images were highly diffused (probably due to corneal scarring), and even after 

compensation of spherical error they did not fit within the CCD area. There are many 

differences inherent to the techniques under use, and nevertheless the similarity of the corneal 

and total aberration pattern is high, at least for patient A. The accuracy of the measurements is 

determined by different factors (see chapter II). The fact that, despite these differences the 

results are similar, indicates that these factors do not seem to be essential.  

In summary, we have crossed-validated two techniques for measuring corneal and total 

aberrations respectively with tests on eyes with keratoconus. They have proved powerful to 

detect and quantify the aberrations in moderate keratoconus. The data on patient B shown in 

this paper probably sets a limit where the assumptions of the techniques are valid to provide 

valid quantitative data. We had to use a smaller pupil diameter in the LRT system in order to 

capture the entire set of retinal images. Measurements in a very advanced keratoconus failed 

with both instruments. Finally, part of the differences found between specific terms of corneal 

and total aberrations in patient B might have been caused by the posterior corneal surface could 

being affected in advanced keratoconus22. In this regard, measurement of overall aberrations 

has advantages over corneal topography, since it allows capturing possible alterations of the 

posterior corneal surface. Since they contain information of all optical components (including 

the crystalline lens) they provide the most complete description of the imaging properties of the 

eye. 
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This chapter is based on the article  by  Barbero, S.,  et al. 7RWDO�DQG�FRUQHDO�DEHUUDWLRQV�LQ�DQ�
XQLODWHUDO�DSKDNLF�VXEMHFW� J Cataract Refract Surg, 2002. 28(9): p. 1594.  

Coauthors of the study are: Susana Marcos and Jesus Merayo-Lloves.  

The contribution of Sergio Barbero to the study was to develop the methodology to measure 

corneal aberrations, to perform calibrations of  the total and corneal aberrometry techniques, to 

contribute in the experimental measurements in patients, perform data analysis and,  

interpretation of results, as well as discussion of the conclusions. 

 

�
�
�
�
�
�



 

&KDSWHU�,9��([SORULQJ�FRUQHDO�DQG�WRWDO�RSWLFDO�DEHUUDWLRQV�LQ�DQ�XQLODWHUDO�DSKDNLF�VXEMHFW� �

75 

�
�
�
�

�
5(680(1�

�
2%-(7,926��Medir las aberraciones totales y corneales en los ojos, normal (OD) y 

operado (OS), de un sujeto afáquico unilateral, con un doble objetivo: 1) Validación cruzada de 

las técnicas de aberrometría total y corneal en un ojo en el que ambas aberraciones deben ser 

prácticamente idénticas (ojo afáquico) 2) Estudiar las interacciones de las aberraciones 

corneales e internas en un ojo normal en comparación con un ojo afáquico. 

0e72'26��Las aberraciones totales se midieron usando una técnica de trazado de rayos 

laser. Las aberraciones corneales se midieron mediante un trazado de rayos virtual sobre la 

superficie corneal obtenida a partir de datos de elevación de un videoqueratoscopio.  

5(68/7$'26��1) Existe una correspondencia del 98.4% entre las aberraciones totales y 

corneales en el ojo afáquico (6.5 mm de diámetro de pupila). 2) En el ojo normal, la aberración 

esférica total es bastante menor que la aberración esférica corneal, lo cual no ocurre en el ojo 

afáquico.  

&21&/86,21(6��Las aberraciones corneales y totales en un ojo afáquico, medidas con 

las dos técnicas de aberrometría total y corneal, basadas en distintos principios, muestran 

resultados muy similares. Este resultado sugiere una contribución pequeña de la cara posterior 

corneal a las aberraciones de la cornea normal (2% como máximo). El segundo resultado 

sugiere un papel compensatorio del cristalino en la aberración esférica total en ojos normales.   

�
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�
�
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3XUSRVH��To measure corneal and total optical aberrations in the normal (OD) and treated 

eye (OS) of an unilateral aphakic subject, with a double purpose: 1) Cross-validation of 

techniques in an eye where corneal and total aberrations should be almost identical (aphakic 

eye). 2) Study the interactions of corneal and internal aberrations in the normal eye, in 

comparison with the aphakic eye.�
0HWKRGV��Total aberrations were measured using Laser Ray Tracing. Corneal aberrations 

were obtained from corneal elevation data measured with a Humphrey Instruments corneal 

videokeratoscope, and using custom software that performs a virtual ray tracing on the 

measured front corneal surface.  

5HVXOWV�� 1) There is a 98.4% correspondence between the total and corneal aberration 

pattern in the aphakic eye (6.5 mm pupil diameter). 2) In the normal eye, the total spherical 

aberration is much lower than the corneal spherical aberration, which does not occur in the 

aphakic eye. 

&RQFOXVLRQV��The fact that in the aphakic eye both techniques provide similar aberration 

measurements, despite being based on different principles and assumptions, provides a cross-

validation test for both techniques. This result suggests a negligible contribution of the 

posterior corneal surface to the aberrations of a normal cornea (2% at most). The second result 

suggests a compensatory role of the crystalline lens to the total spherical aberration in normal 

eyes. 
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In the last few years there has been a rapidly increasing interest in the study of the optical 

quality and optical aberrations of the eye. Different techniques and measurement systems have 

been developed1-4 and applications of these tools have been started to reach the clinical 

environment. Recent studies such as the change of optical quality with refractive surgery5, 6 

(chapter V), implanted IOL performance after cataract surgery7 (chapter VII), or optical 

aberrations in corneal pathologies (i.e. keratoconus)8 (chapter II) are examples of the 

capabilities of the new techniques in the clinic.  

Several studies have shown that powerful information is obtained when, in the same eye, 

both corneal and total aberrations are measured6, 9-11. These two types of measurements can 

separate the contribution of the cornea and internal aberrations (i.e crystalline lens), as well as 

their inter-relationships12. Measurements in normal young eyes have found a strong 

compensation of spherical aberration of the cornea by the lens10, 11, and even a compensation in 

asymmetric aberrations such as coma10. By comparing corneal and total wavefront maps in the 

same patients before and after standard LASIK refractive surgery, we will show in chapter V6  

an increase of spherical aberration toward more positive values (due to a change in corneal 

asphericity). However a higher increase is found in the anterior corneal spherical aberration 

than in total spherical aberration, indicating that surgery can induce changes in posterior 

corneal surface. 

Techniques to evaluate total and corneal wave aberrations of the eye are based on different 

principles and assumptions. Whereas total aberrations are measured by projecting a light source 

on the retina and estimating displacements from a reference, corneal aberrations are obtained 

from Placido disk corneal topography and virtual ray tracing. It is therefore important to show 

that we can directly compare both types of measurements. In chapter III we pointed out two 

special cases where the hypothetical agreement between corneal and total aberrations could 

serve as a cross-validation test between techniques. The first case, eyes suffering from 

keratoconus (where the optics are dominated by the degraded corneal surface), has been 

described in detail in chapter III. Results proved a good agreement, particularly in moderately 

advanced keratoconus. 

In the current chapter we study the second, even more directly comparable case: an aphakic 

eye (without crystalline lens). Due to the absence of crystalline lens, and the minor expected 
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contribution of the posterior corneal surface13, total aberrations in the aphakic eye should be 

almost identical to corneal aberrations. The comparison of corneal and total aberrations in the 

aphakic eye will support the reliability of corneal topography and aberrometry as wave 

aberration measurements techniques. The idea of measuring aphakic eyes to study the relative 

contribution of cornea and crystalline lens to the spherical aberration of the eye has been used 

in the past, by Bonnet et al14, and later by Millodot & Sivak15, who used a technique based on 

Young´s experiment (1801)16. This study did not conclude a systematic compensation of the 

corneal spherical aberration by the crystalline lens, when the corneal and total spherical 

aberration was compared in normal and aphakic eyes. In the present study, comparison between 

eyes of the same patient, one being aphakic and the other one normal, can provide some insight 

into the interactions of corneal and internal aberrations.   

�
���3DWLHQWV�DQG�0HWKRGV�

�
Total and corneal aberrations were measured on both eyes of one female patient (age 30). 

The left eye was aphakic, due to a congenital cataract, with lens extraction, by intracapsular 

cataract extraction with superior incision, at age 18. The anterior segment of the normal eye 

was normal. Autorefractometer refraction was +12.75 –1.00 x 18 in the aphakic eye and –0.5 –

0.25 x 84 in the normal eye. Analysis performed by videokeratography (Humphrey-Zeiss 

Mastervue Atlas Corneal Topography system) did not reveal abnormal anterior corneal shapes. 

Corneal and total aberrations measurements were carried out in the same experimental 

session. The patient was carefully informed about the purpose and development of the 

procedure, and confirmed her agreement by signing a consent form approved by institutional 

ethical committees. Pupils were dilated with tropicamide 1%. The aphakic pupil dilated beyond 

6.5 mm, but the normal pupil did not dilate more than 5 mm. 

Total aberrations were measured using a Laser Ray Tracing technique (LRT).  Figure IV.1 

A) and C) shows a joint plot of the centroids of retinal images (spot diagram) for the patient´s 

aphakic eye and normal eye respectively.  
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)LJXUH� ,9����� Spot diagrams (set of centroids of retinal images captured in CCD camera) $� Total spot 

diagram, aphakic eye (OS). %��Corneal�spot diagram obtained by performing simulated ray tracing on the front 
corneal surface (OS), applying the realignment algorithm. Pupil effective diameter was 6.51 mm for A and B. &��
Total spot diagram for the normal eye (OD). '� Corneal spot diagram (OD). Pupil effective diameter was 5 mm 
for C and D. 

 

High hyperopic defocus in the aphakic eye was corrected by means of a trial lens (+12D) 

placed in front of the eye (30 mm to pupil plane) centre around the optical axis of the 

instrument. Previous calibrations showed that the trial lens does not introduce additional 

aberrations. No trial lens was used for the normal eye. Measurements were done over a 6.51-

mm pupil for the aphakic eye (step size=1 mm) and 5-mm for normal eye (step size=0.75 mm). 

We obtained five consecutive sets of images per eye. To compare aberrations between right and 

left eyes, both corneal and total aberrations of the aphakic eye were re-computed for a 5 mm 

sub-region. 

The method to evaluate corneal aberrations has been explained in chapter II. Figure IV.1 B 

and D show spot diagrams corresponding to corneal sample of 91 rays for aphakic and normal 

eyes respectively. We obtained one corneal map per eye  
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Figure IV.2 shows total, corneal and internal (computed as total minus corneal) wave 

aberration maps for the aphakic eye (upper row) and the normal eye (lower row). Contours 

have been plotted at 1-µm intervals. For each eye, we used the same gray scale across maps. 

Pupil sizes are 6.5-mm for aphakic eye (upper row) and 5-mm for normal eye (lower row). Tilt 

and residual defocus have been cancelled in all cases. 

There is a strong similarity between corneal and total wavefront maps in the aphakic eye, 

which does not occur in the normal eye. That could also been observed in Figure IV.1. Total 

and corneal spot diagrams in the aphakic eye are similar in shape and spread, whereas in the 

normal eye, the corneal spot diagram is much more spread than the total spot diagram. Figure 

IV.3 compares corneal (open diamonds) and total (solid circles) Zernike coefficients for each 

eye (for a pupil diameter of 6.5 mm in the aphakic eye, and 5 mm in the normal eye). For the 

sake of clarity, error bars have not been plotted. 

 

 
)LJXUH� ,9����Wave aberration patterns (without tilts and defocus) in both eyes, for total aberrations (first 

column), corneal aberrations (second column) and internal aberrations (third column). The upper panels show 
results on the aphakic eye (OS) for a 6.51-mm pupil diameter. The lower panels show results on the normal eye 
(OD) for a 5-mm pupil diameter. Contour lines are plotted every 1 µm. The gray scale pattern represents wave 
aberration heights in microns. 
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For corneal aberrations, we found a standard deviation of 0.016 µm across the five 

measurements (averaged across terms, excluding tilts and defocus) for a control eye and after 

the alignment algorithm. The mean standard deviation for the total Zernike coefficients were 

0.018 µm and 0.035 µm (excluding tilts and defocus) in the aphakic and the non-aphakic eyes 

respectively, for a 5 mm pupil diameter. For 3rd order and higher terms, these values were 

0.013 µm and 0.033 µm respectively. Standard deviation for the total spherical term ( 0
4=  ) was 

0.022 µm for the normal eye and 0.011 µm for the aphakic eye. Total RMS (for 3rd order & 

higher aberrations) standard deviation was 0.064 µm for the aphakic eye, and 0.040.for the 

normal (for a 5 mm).  

Table IV.1 shows some representative terms, as well as the RMS for different orders 

evaluated for both eyes. In all cases, we followed the ordering and notation recommended by 

the Optical Society of America Standard Committee17. 

Astigmatic terms are predominant in the aphakic eye (-0.59 and –0.65 µm for astigmatism 

at 0-90º and at 45º respectively, for 5 mm) followed by 3rd order term 3
3=  (-0.18 µm). In the 

normal eye, astigmatism 2
2
−=  represents also the highest contribution (0.27 µm), followed by 

comatic term 3
3
−=  (0.12 µm).   

 

��)LJXUH�,9��� Total (solid circles) and corneal (empty diamonds) aberrations $��for the aphakic eye, (6.5-mm 
pupil), and %��for normal eye (5 mm pupil). Notation follows the OSA Standard Committee’s recommendations17. 
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7DEOH�,9��� Individual Zernike coefficients and RMS  for total and corneal aberrations for the aphakic eye (OS): 
6.5 and 5 mm, and for the normal eye (OD): 5 mm. 

 

Term by term, there is an excellent corneal versus total correspondence in the aphakic eye, 

except for some specific terms ( 2
2
−= , 2

2
−= , 1

3
−= , 1

3= ). In the normal eye, there is no such 

similarity, although corneal aberrations tend to dominate, compared to the internal aberrations. 

The fact that most corneal terms are larger than the total counterparts indicates a compensatory 

effect of the internal aberrations in the normal eye. In terms of RMS, corneal aberrations (3rd & 

higher orders) represent 98.4% of the total RMS in the aphakic eye (6.5 mm), whereas for the 

normal eye they represent 226.32% of the total aberration. These results indicate that in the 

aphakic eye internal aberrations (the small percentage coming from the posterior corneal 

surface) adds to the aberrations of the anterior corneal surface, while in the normal eye the 

internal aberrations (presumably mainly from the crystalline lens) subtract from the corneal 

aberrations. This effect is particularly prominent for the spherical aberration ( 0
4= ). In the 

normal eye, there is an almost perfect match between the corneal positive spherical aberration 

(0.21 µm) and the internal negative spherical aberration (-0.16 µm). In the aphakic eye 

however, the corneal spherical aberration (0.24 µm, for 6.5 mm) matches the total spherical 

aberration (0.25 µm), lacking from the compensatory effect of the internal optics. 
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The optical aberrations in the aphakic and normal eyes from the same subject were 

measured using Laser Ray Tracing (total aberrations) and corneal topography (corneal 

aberrations). These techniques have proved to be reliable tools to estimate corneal and total 

aberrations in normal6, surgical6 and pathological eyes (i.e keratoconus)8. This study shows that 

while relying on very different principles, corneal topography and aberrometry can provide 

similar wave aberration results.  

We found a very good correspondence (98.4%) between corneal aberrations and total 

aberrations in the aphakic eye (6.5 mm pupil diameter). This correspondence was even higher 

than in previously studied keratoconus eyes8 (chapter III), where despite the clear dominance of 

the anterior corneal surface on the total aberration pattern, the crystalline lens was still present. 

The small difference that we found (0.07 µm) between anterior corneal aberrations and the total 

aberrations in aphakic eye could account for some contribution of the posterior corneal surface, 

but it is not significant and is within the measurement error.   

Our study confirms that the contribution of the posterior corneal surface to the total 

aberrations is not significant, at least in a patient after intracapsular cataract extraction. 

However other studies point out the influence of the posterior corneal surface in patients after 

refractive surgery6, 18, 19 and patients with some corneal pathologies20. 

Since the cornea of the aphakic eye can has been modified during the surgical procedure21, 

great similarities between both corneal eyes aberrations were not necessarily expected. Figure 

IV.1 (B & D) are however suggestive of some bilateral symmetry. We found a left to right 

coefficient of correlation (with appropriate sign inversion of the odd symmetry terms22) of 

r=0.57. The major difference occurs in the corneal astigmatic terms (2.36 times larger in the 

aphakic eye than the normal eye). An increase in corneal astigmatism is not uncommon after 

cataract surgery23-25, as it will be seen in chapter VII. 

Several studies suggest a compensation of corneal and internal aberrations in normal eyes. 

Artal et al26 found a great degree of compensation in 59 eyes, which was disrupted with 

aging27. A balance of a generally positive corneal spherical aberration by a negative spherical 

aberration of the crystalline lens seems to be a general finding. Comparison between the 

aphakic and normal eyes of the same patient in this study indicates compensatory effects 

between the cornea and lens in the normal eye. Whereas the spherical aberration of the normal 
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eye is close to zero (with an almost perfect balance of corneal and internal aberrations), the 

spherical aberration of the aphakic eye (equal to that of the cornea) is larger. In the  study of 

chapter V we will see that  in 14 eyes (mean age 28.9)6 we found that in 57% of the eyes the 

internal spherical aberration balanced at least 50% of the corneal spherical aberration (with 

78% of the eyes having internal and corneal spherical aberrations of opposite sign). Smith et 

al11 results on 26 eyes indicate similar results: 84.1% compensation of corneal by internal 

spherical aberration (on 13 eyes, mean age 24.8) and 56.2% compensation (13 eyes, mean age 

66). Alternatively, Salmon and Thibos28 found a clear compensation of the corneal aberrations 

by the internal aberrations only in one of the three eyes of their study, and Sivak et al29, using 

aphakic and control eyes as we did in this study, observed  that in most cases lens and cornea 

spherical aberration add up. With the recent availability of techniques to measure high order 

and non-spherically symmetric aberrations, interactions between other terms besides spherical 

aberration can be studied. Artal et al found a high degree of compensation for coma (~50%)10. 

This seems to be also the case for the normal eye of the patient in this study, where 66.7% of 

the third order corneal RMS is compensated by the internal aberrations. Although this may not 

be a general result6, 28 it is interesting that this balance can occur in certain subjects. 

In summary, we have presented valuable techniques to characterise optically the corneal 

and internal components of the eye. Results on an aphakic eye serve us as a cross-validation 

test of two aberration measurement techniques (LRT and corneal topography). Contribution of 

the posterior corneal surface to the corneal aberrations is found to be smaller than the 

measurement error. Comparison with the non-treated contralateral eye of the same subject has 

allowed us to discuss the contribution of the crystalline lens as an attenuating element of the 

corneal aberrations, particularly the spherical aberration. These new tools and results have 

important implication in the intraocular lens (IOL) design30 and cataract surgery procedures. 

They suggest that optimal results might be obtained, not with aberration-free IOLs, but those 

compensating existing aberrations of the cornea, particularly astigmatism and spherical 

aberration. This issue concerning with IOLs will be treated on detail in chapter VII. 
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This chapter is based on the article  by Marcos, S., et al., 2SWLFDO�5HVSRQVH�WR�0\RSLF�/$6,.�

6XUJHU\�IURP�7RWDO�DQG�&RUQHDO�$EHUUDWLRQ�0HDVXUHPHQWV� Invest Ophthalmol Vis Sci, 2001. 42: p. 

3349-3356.Coauthors of the study are: Sergio Barbero, Lourdes Llorente and Jesus Merayo-Lloves.  

The contribution of Sergio Barbero to the study was the development of the technique to 

measure corneal aberrations, computational studies of the internal changes due to the posterior 

corneal surface and the effects of convergence on the crystalline lens, data collection in patients, as 

well as contributions to the data analysis and discussion. 
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5(680(1�
 

2%-(7,926� Medida de las aberraciones ópticas inducidas por la cirugía refractiva para 

corrección de miopía (LASIK) sobre la superficie anterior de la cornea y sobre el sistema óptico del 

ojo.  

0e72'26: Las aberraciones totales y corneales se midieron en un grupo de 14 ojos antes y 

después de la cirugía (rangos de miopía pre-operatorios: -2.5 a -13 D). Las aberraciones totales se 

midieron con una técnica de trazado rayos. Las aberraciones corneales se estimaron mediante 

marcha de rayos sobre datos de elevación suministrados por un topógrafo corneal (Atlas Corneal 

Topography System). Las aberraciones totales y corneales se representan mediante una expansión 

en polinomios de Zernike. La RMS de la aberración de onda se usa como métrica de calidad óptica 

global. 

5(68/7$'26: 1) Se medió un incremento significativo de las aberraciones totales y 

corneales (3rd y ordenes superiores) con la cirugía: un factor promedio en las totales de 1.92 y de 

3.72 en las corneales. En promedio, este incremento fue más pronunciado para los ojos con miopías 

pre-operatorias más altas. 2) Existe una buena correlación (r=0.97, p<0.0001) entre las aberraciones 

totales y corneales inducidas. Sin embargo, la aberración esférica corneal crece más que la 

aberración esférica total, lo cual sugiere una modificación en la aberración esférica de la cara 

posterior corneal de signo opuesto a la de la cara anterior. 3) El centrado pupilar y las aberraciones 

internas juegan un papel importante en la estimación los cambios individuales con la cirugía.  

&21&/86,21(6� Puesto que la cirugía LASIK modifica la superficie anterior corneal, la 

mayor parte de cambios en el frente de onda total se deben a cambios en las aberraciones de la cara 

anterior corneal. Sin embargo, debido a las interacciones individuales entre las aberraciones de la 

cornea y el cristalino, la medida combinada de aberraciones totales y corneales es imprescindible 

para entender los cambios ópticos individuales, y es de especial importancia en la aplicación de 

algoritmos de ablación personalizada. Los cambios observados en las aberraciones internas son 

consistentes con los cambios en la cara posterior corneal encontrados en trabajos previos a partir de 

medidas de topografía de la cara posterior de la cornea mediante barrido de lámpara de hendidura. 

 



&KDSWHU�9��2SWLFDO�5HVSRQVH�WR�0\RSLF�/$6,.�6XUJHU\�IURP�7RWDO�DQG�&RUQHDO�$EHUUDWLRQ�0HDVXUHPHQWV��

 90 

 

 

$%675$&7�
�

385326(� To evaluate the optical aberrations induced by myopic LASIK refractive surgery 

on the anterior surface of the cornea and the entire optical system of the eye. 

0(7+2'6� Total and corneal aberrations were measured in a group of 14 eyes (pre-operative 

myopia ranging from -2.5 to -13 D) before and after LASIK surgery. Total aberrations were 

measured using a Laser Ray Tracing technique. Corneal aberrations were obtained from corneal 

elevation maps measured using an Atlas Corneal Topography System and custom software. Corneal 

and total wave aberrations were described as Zernike polynomial expansions. Root-mean-square 

wavefront error was used as a global optical quality metric. 

5(68/76: 1) Total and corneal aberrations (3rd and higher order) suffered a statistically 

significant increase after myopic LASIK surgery, by a factor of 1.92 (total) and 3.72 (corneal), on 

average. This increase was more pronounced for the highest pre-operative myopes. 2) There is a 

good correlation (r=0.97, p<0.0001) between the aberrations induced on the entire optical system, 

and those induced on the anterior corneal surface. However, the anterior corneal spherical 

aberration increased more than the total spherical aberration, suggesting a change (of opposite sign) 

in the spherical aberration of the posterior corneal surface. 3) Pupil centration and internal optical 

aberrations, which are not accounted for in corneal topography, play an important role in evaluating 

individual surgical outcomes. 

&21&/86,216� Since LASIK surgery induces changes on the anterior corneal surface, most 

changes to the total aberration pattern can be attributed to changes in the anterior corneal 

aberrations. However, due to individual interactions of the aberrations of the ocular components, a 

combination of corneal and total aberration measurements is critical to understand individual 

outcomes, and by extension, to design custom ablation algorithms. This comparison also reveals 

changes in the internal aberrations, consistent with the posterior corneal changes reported using 

scanning slit corneal topography. 
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��,QWURGXFWLRQ�
 

Laser in situ keratomileusis (LASIK)1, 2 has become a popular surgical alternative for the 

correction of myopia, and a rapidly increasing number of LASIK procedures are performed daily 

worldwide. In this technique, a hinged flap is created and folded back and the exposed stroma is 

photo-ablated using an excimer laser. In myopic LASIK, stromal tissue is removed so that the 

curvature of the central cornea is flattened to compensate for the excessive refractive power or 

longer axial length of the myopic eye.  Most of the published studies evaluate the clinical outcomes 

of LASIK in terms of visual performance (visual acuity or contrast sensitivity)3, 4. Some reports 

evaluate the microstructural changes induced in the stroma and Bowman’s layer by means of LQ�YLYR 

confocal microscopy5. However, there are still many open questions regarding the wound healing 

process6 and the biological response of the cornea to ablation7, 8.  

Recently, the implementation of techniques to precisely measure the optical wave aberration 

pattern9-14 prior to and following refractive surgery has generated significant excitement among 

refractive surgeons. First, the measurement of optical defects (aberrations) following refractive 

surgery has revealed that while conventional refractive errors (i.e. myopia or astigmatism) are 

reduced or cancelled, higher order aberrations (uncorrectable by conventional means) are generally 

induced15, 16. Second, along with other technical developments (i.e. scanning small spot lasers, eye 

trackers, etc...), the precise measurement of ocular wave aberrations has opened the potential for an 

improved refractive surgery, customized for each patient, aiming at canceling both low and high 

order aberrations present in the eye17-20. Two approaches are currently being pursued, both to 

evaluate and to guide ablation procedures: wavefront aberrations (aberrations of the entire optical 

system)21, 22 and corneal topography23, 24 (or alternatively aberrations of the anterior corneal 

surface).  The analysis of the total aberrations of the eye provides the most direct and complete 

measurement of retinal image quality, and therefore can be directly related to visual performance. 

Previous studies show high correlations between corneal aberrations (wavefront variance) and 

visual performance (area under CSF)25. A study from our laboratory has shown that most of the 

decrease in contrast sensitivity found after LASIK can be explained by a decrease in the modulation 

transfer function computed directly from the wave aberration25. However, since in refractive 

surgery changes are induced only on the cornea, the question arises whether corneal topography 
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could be sufficient to fully predict visual outcomes8. In this paper, we present corneal and total 

aberrations in the same eyes before and following myopic LASIK. We show that the combination 

of these two pieces of information is important to understanding individual surgical outcomes 

(which becomes critical in customizing ablation algorithms). It also provides insights to 

understanding the biomechanical response of the cornea (both the anterior and posterior surfaces) to 

laser refractive surgery. 

�
���3DWLHQW�DQG�PHWKRGV�

�
Fourteen eyes of 8 patients (2 males and 6 females; age 28.9 ± 5.4) were measured before (28 ± 

35 days) and after (59 ± 23 days) LASIK surgery. The pre-operative spherical refractive error 

ranged from -2.5 D to -13 D (mean=-6.8 ± 2.9 D, and pre-operative astigmatism was <2.5 D. Post-

operative recovery was uneventful and none of the patients were retreated. The procedures were 

reviewed and approved by institutional bio-ethical committees, and met the tenets of the 

Declaration of Helsinki. Each patient signed a consent form. Aberration measurements were 

conducted at Instituto de Optica, CSIC, Madrid, Spain. Generally, both types of measurements 

(total and corneal aberrations) were done bilaterally in one experimental session. 

Standard LASIK surgery was conducted using a narrow-beam, flying-spot excimer laser (Chiron 

Technolas 217-C; Bausch & Lomb, Surgical), equipped with the PlanoScan program.  This laser 

has a emission wavelength of 193 nm, a fixed pulse repetition rate of 50 Hz and a radiant exposure 

of 400 mJ. The procedure was assisted by an eye-tracker. The flap diameter (performed with a 

Hansatome microkeratome) was 8.5 mm and the intended depth 180 µm. Photoablation was applied 

to a 6-mm optical zone, with a transition zone of 9 mm. The LASIK procedures were conducted at 

the Instituto de Oftalmobiología Aplicada, Universidad de Valladolid, Spain. 

Total wave aberrations were measured using Laser Ray Tracing (LRT), developed at the 

Instituto de Optica in Madrid, Spain13. Corneal height numerical data were obtained with an Atlas 

Mastervue Corneal Topography System (Humphrey Instruments-Zeiss, San Leandro, CA).  In this 

particular experiment, we obtained only one corneal map per eye and per session.  �
�
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)LJXUH�9����$� Set of aerial images in post-LASIK eye #10, as a function of entry pupil, as recorded in Laser Ray 

Tracing.  %� Retinal angular position of all centroids (spot diagram) from the series of retinal images shown in A. The 
deviations from the principal ray are proportional to the local derivatives of the wave aberration. &� Corneal elevation 
map (10-mm pupil, centered at the corneal reflex) from corneal topography data (eye #10). Terms 1-6 in the Zernike 
expansion have been excluded to reveal high-order features. Contours plotted every 0.01 mm. '� Simulated spot 
diagram from virtual ray tracing on a 6.5-mm diameter region of the corneal map shown in C.  This subregion is 
centered at the pupil center, not the corneal reflex.�

�
�

���5HVXOWV�
�
7RWDO�DQG�FRUQHDO�ZDYH�DEHUUDWLRQ�SDWWHUQV�
Figure V.2 shows contour plots of wave aberration patterns for total and corneal aberrations 

before and after LASIK surgery, for six eyes. Piston, tilts, defocus and astigmatism have been 
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excluded in all cases, so that these patterns represent simulated best-corrected optical quality. Pupil 

diameter is 6.51 mm and contour lines are plotted every 1 µm. There is a clear deterioration 

(accounting for an increase in the number of contour lines) following surgery, both for total and 

corneal aberrations. Prior to surgery, total and corneal aberrations show similarities only in some of 

the eyes, while after surgery, total and corneal aberrations show very similar patterns, indicating the 

prevalence of corneal defects over the entire optics. LASIK induces a round central area (with 

various amounts of decentration depending on the eye) of positive aberration, surrounded by an area 

of negative aberration.�

�
)LJXUH�9��� Total and corneal wave aberration contour plots (3rd order and higher aberrations), pre- and post- 

LASIK in a subset of eyes participating in the study. Contour lines have been plotted every 1 µm. Pupil size is 6.5 mm. 
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�
&RPSDULVRQ�RI�WKH�FKDQJH�LQ�WRWDO�DQG�FRUQHDO�DEHUUDWLRQV�ZLWK�/$6,.�
RMS wavefront error increases with LASIK, both for total and corneal aberrations. Figure V.3 

shows RMS pre-LASIK (white bars) and post-LASIK (black bars) for 3rd and higher order 

aberrations, i.e. best corrected for defocus and astigmatism. Figure 3A shows the change for total 

aberrations, and 3B the change for corneal aberrations. The eyes are sorted by increasing pre-

operative spherical refractive error. 

 

 
)LJXUH�9��� Root mean square (RMS) wavefront error for 3rd and higher order aberrations, pre-LASIK (white 

bars) and post-LASIK (black bars) for (A) total and (B) corneal aberrations. Eyes have been sorted by increasing pre-
operative spherical error. 

 

 

�
���
�

���
�

���
�

���

� � � � � � � � � �� �� �� �� ��

7RWDO�DEHUUDWLRQV

H\H �

�
���
�

���
�

���
�

���

� � � � � � � � � �� �� �� �� ��

&RUQHDO DEHUUDWLRQV

H\H �

50
6��

PP
�

50
6��

PP
�

�UG�DQG KLJKHU RUGHU DEHUUDWLRQV
35(�/$6,. 3267�/$6,.

$

%

�
���
�

���
�

���
�

���

� � � � � � � � � �� �� �� �� ��

7RWDO�DEHUUDWLRQV

H\H �

�
���
�

���
�

���
�

���

� � � � � � � � � �� �� �� �� ��

&RUQHDO DEHUUDWLRQV

H\H �

�
���
�

���
�

���
�

���

� � � � � � � � � �� �� �� �� ��

&RUQHDO DEHUUDWLRQV

H\H �

50
6��

PP
�

50
6��

PP
�

�UG�DQG KLJKHU RUGHU DEHUUDWLRQV
35(�/$6,. 3267�/$6,.

$

%



&KDSWHU�9��2SWLFDO�5HVSRQVH�WR�0\RSLF�/$6,.�6XUJHU\�IURP�7RWDO�DQG�&RUQHDO�$EHUUDWLRQ�0HDVXUHPHQWV��

 96 

 Pre-operatively, total aberrations tend to increase with myopia26, 27, although this tendency is 

not evident for corneal aberrations. Both total and corneal aberrations increase significantly after 

LASIK, except for eyes #5 and #6 for total aberrations, and #4 for corneal aberrations. Clearly, for 

both total and corneal aberrations the increase is much more pronounced in the most myopic eyes.  

Total aberrations increased on average by a factor of 1.92 and corneal aberrations by a factor of 

3.72. For the low pre-operative myopia group (-2.5 to -6.5 D) the average increase was 1.53 (total) 

and 1.97 (corneal) whereas for the high pre-operative myopia group (-6.8 to -13.1 D) the average 

increase was 2.29 (total) and 4.37 (corneal). In terms of RMS differences (post minus pre), total 

RMS difference changed from -0.05 µm to 0.80 µm, being statistically significant in 11 of the 14 

eyes and corneal RMS changed from -0.16 µm to 2.04 µm, being statistically significant in 13 of 

the 14 eyes. Part of this increase is accounted for by an increase in the 3rd order aberrations 

(increasing by a factor of 1.98 for total and 2.73 for corneal), and by an increase of the 4th order 

aberrations (increasing by a factor of 2.54 for total and 3.93 for corneal.) 

Figure V.4 shows the change of the 4th order spherical aberration coefficient ( 0
4= ), both total 

(4A) and corneal (4B). Sign and normalization follows the convention suggested by the Optical 

Society of America Standardization Committee 28. 

The pre-operative total spherical aberration coefficient is close to zero in most eyes (statistically 

significantly positive in seven eyes and statistically significantly negative in three eyes). Pre-

operative corneal spherical aberration is positive in all eyes except for one eye that is not 

statistically significantly different from zero. Total spherical aberration increases significantly with 

LASIK in all eyes, and corneal spherical aberration in all but one eye. 

The most dramatic increase occurs for the highest pre-operative myopes, both for total16 and 

corneal aberrations29, 30. Total spherical aberration 0
4= coefficient post-pre difference ranged from 

0.22 µm to 1.64 µm (0.63 µm on average), and for the cornea the differences ranged from -0.01 µm 

to 1.72 µm (0.74 µm on average). The increase of spherical aberration seems to be more 

pronounced for corneal than for total aberrations. 
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)LJXUH�9��: Fourth order spherical aberration coefficient ( 0
4=  in the Zernike polynomial expansion), pre-LASIK 

(white bars) and post-LASIK (black bars) for (A) total, (B) corneal, and (C) internal aberrations. Eyes have been sorted 
by increasing pre-operative spherical error. 

 

Figure V.5 shows post-LASIK corneal YV total aberrations, 5A for 3rd order and higher 

aberrations RMS values (i.e. values in black bars in Figure V.3), and 5B for RMS for spherical 

aberration (i.e. roughly the modulus of the values in black bars in Figure V.4, although not exactly 

since it includes the contribution of 0
6=  also).  
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)LJXUH�9��� Total aberrations versus corneal aberrations induced by LASIK, in terms of RMS wavefront error. (A) 

3rd order and higher aberrations. (B) spherical aberration. Lines are linear regressions to the data. 
 

There is a very good correlation between corneal and total aberrations (3rd order and higher) 

after LASIK (r=0.97, p<0.0001; slope=1.01; Figure V.5A)). The corneal spherical aberration post-

LASIK is also well correlated to the total spherical aberration post-LASIK (r=0.91, p<0.0001; 

slope=1.22; Figure V.5 B)). However, the fact that the slope is significantly higher than 1 suggests 

that a larger spherical aberration is induced to the anterior corneal surface than to the entire eye. A 

higher slope in the post-LASIK corneal versus total aberration is found for the RMS of the spherical 

aberration, the spherical aberration coefficient ( 0
4= ) and the RMS of 4th order terms, but not for 3rd 

order aberrations, or all high order aberrations (3rd order and higher). 

�
&KDQJH�RI�LQWHUQDO�DEHUUDWLRQV�ZLWK�/$6,.�
The internal aberrations can be computed by subtracting corneal from total aberration 

coefficients (see chapter I). Figure V.4 C) shows the internal aberrations before and after LASIK. 

We found that internal spherical aberration changed significantly in 10 eyes after LASIK. Except 

for the four less myopic eyes (#1-4) and eye #10, the internal spherical aberration changed toward 

more negative values. Experiments performed in control subjects who have undergone a surgical 

procedure performed in two different experimental sessions (separated by at least a month, as in the 

surgical eyes) did not reveal statistically significant changes in the internal aberrations across 
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sessions. This indicates that possible changes across sessions in the accommodative state or 

decentrations of corneal topography data (which otherwise are compensated by the re-centration 

algorithm) cannot account for the observed differences in the internal optics found between pre- and 

post- LASIK results. Therefore these changes must be attributed to surgery –in addition with beam 

convergence effects, see discussion below-. 

 Figure V.6 shows the spherical aberration coefficient 0
4=  after LASIK as a function of pre-

operative spherical refractive error, for corneal, total, and internal aberrations. The internal 

aberration coefficients were computed as the total minus corneal coefficients. 

There is a statistically significant increase of the absolute amount of post-operative spherical 

aberration for total (r=0.80, p=0.0003), corneal (r=0.92, p<0.0001) and internal (r=0.73, p=0.0024) 

aberrations with pre-operative refractive error. However, the total spherical aberration increases less 

than the spherical aberration of the anterior corneal surface, because of the spherical aberration of 

negative sign induced on the posterior corneal surface. The same analysis for post-LASIK 3rd order 

aberrations shows no statistically significant difference between corneal and total aberrations 

(therefore 3rd order aberrations do not seem to be induced on the posterior corneal surface). 

 

 
)LJXUH�9��� Total, corneal and internal spherical aberration post-LASIK as a function of pre-operative spherical 

error. Lines are linear regressions to the data. 
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�
���'LVFXVVLRQ�

�
Both corneal and total aberrations increase after myopic LASIK surgery: the higher the pre-

operative myopia, the higher the increase. In general, while the trends are similar when looking at 

3rd order and higher aberrations, we found that the spherical aberration of the anterior corneal 

surface was greater than the spherical aberration of the entire eye. In the following subsections, we 

will discuss several other factors that indicate that anterior corneal aberrations alone are not 

sufficient to explain surgical outcomes. We will also relate our findings to current biomechanical 

models of corneal response to surgery and previous observations. We will finally discuss the 

implications of these results in the evaluation of refractive surgery outcomes and aberration-free 

ablation procedures. 

�
7KH�UROH�RI�SXSLO�FHQWUDWLRQ�
Several previous studies showed the impact of myopic refractive surgery (RK and PRK) on 

corneal aberrations22, 30, 31. As in the present analysis, those studies computed the corneal aberration 

pattern by measuring corneal elevation maps using commercial corneal videokeratoscopes. In these 

devices, centration is typically achieved by aligning a set of concentric rings to the corneal reflex of 

the fixation light. Corneal aberrations are then typically referred to the corneal reflex rather than the 

pupil center. Our processing algorithms align the corneal aberration pattern with the total aberration 

pattern, which is referred to the pupil center. The position of the pupil is important for a correct 

estimation of retinal image quality32, and should be taken into account when predicting visual 

performance from corneal aberration data.  

 

7KH�UROH�RI�SUH�RSHUDWLYH�LQWHUQDO�RSWLFV�
Total aberrations result from the combination of corneal and internal aberrations and their inter-

relationships. Before surgery, both components contribute with comparable amounts of aberrations, 

in some cases even balancing each other. Figure V.2 shows that whereas, pre-operatively, the 

cornea dominates the total wave aberration pattern in some eyes (i.e. eye #1 or #7), in some others 



&KDSWHU�9��2SWLFDO�5HVSRQVH�WR�0\RSLF�/$6,.�6XUJHU\�IURP�7RWDO�DQG�&RUQHDO�$EHUUDWLRQ�0HDVXUHPHQWV��

 101 

there is little similarity between total and corneal patterns, indicating an important contribution of 

the internal optics.  Although the relative contribution of the internal optics is expected to be much 

lower after refractive surgery, interactions between corneal and internal optics may still play some 

role in determining the surgical outcomes. A recent study33 indicates a high degree of balance 

between corneal and internal aberrations in normal young eyes. Prior to surgery, we found a term-

by-term balance of at least 50% of the aberration in 28% of the 14 eyes of this study. For spherical 

aberration this balance increased to 57% of the eyes. In 78% of the eyes, the spherical aberration of 

the anterior corneal surface and the internal optics had different sign (see white bars in Figure V.4). 

Furthermore, it is not uncommon (35%) that the amount of negative internal spherical aberration 

(likely from the crystalline lens34, 35) exceeds the amount of positive spherical aberration of the 

anterior corneal surface. Figure V.8 illustrates one of these cases (eye #6), with a corneal pre-

operative spherical aberration ( 0
4= ) of 0.38 µm and internal pre-operative aberration of -0.48 µm. 

The upper row shows the measured total and corneal and the computed internal aberration patterns. 

The negative internal aberration dominates the central area total aberration pattern.  

 

 
)LJXUH� 9��� Total (left), corneal (middle) and internal (right) wave aberration maps (3rd order and higher 

aberrations) before (top) and after (bottom) LASIK, for eye #6 (with a particularly good surgical outcome). Pre-
operatively, the negative internal aberration dominates the total pattern. After LASIK, the positive spherical aberration 
induced on the anterior corneal surface partially cancels the pre-operative negative spherical aberration of the internal 
optics. Contour line spacing: 0.25 µm. Pupil diameter: 6.5 mm. 
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After LASIK (lower row), positive spherical aberration is induced on the anterior corneal 

surface, which cancels (actually overcompensates) the pre-operative negative spherical aberration 

of the internal optics. For this reason, the post-LASIK total aberration pattern for this eye is much 

better than predicted from corneal aberrations alone. Unlike other subjects with similar pre-

operative myopia, and similar corneal topography post-LASIK, this subject did not show any loss 

of contrast sensitivity (actually improved at two spatial frequencies)25. An individual comparison of 

pre- and post- total and corneal aberration can be invoked to explain the surprisingly good surgical 

outcomes for this patient. In general, the possible balance between corneal and internal aberration 

gets disrupted with refractive surgery. In our study, compensation of more than 50% of the corneal 

spherical aberration by the pre-op internal aberrations decreases from 8 eyes before surgery to 4 

eyes after surgery, and only happens in eyes with the lowest pre-op spherical errors (eyes #2, #3, 

#5, #6). However, at least in these eyes these interactions are relevant in determining the total wave 

aberration pattern. 

�
&RQYHUJHQFH�HIIHFW�LQ�WKH�HVWLPDWLRQ�RI�LQWHUQDO�DEHUUDWLRQV��
As it was mentioned in chapter II, section 2.4, this is particularly important when comparing 

internal aberrations before and after refractive surgery, where the anterior corneal surface changes 

and therefore the beam convergence on the lens changes with the procedure. Presumably, this effect 

has most influence in the spherical aberration of the lens. To evaluate the effect of the change of 

anterior corneal surface in the estimated internal spherical aberration we performed a simulation in 

ZEMAX using an eye model (see Table II.1) with a standard crystalline lens and individual pre and 

post LASIK surgery corneas. Posterior corneal changes were not considered in this model. The 

internal spherical aberration (pre and post LASIK) were obtained, as in the experimental procedure, 

as direct subtraction of total minus corneal aberration. Since no element is changed in the 

simulations except for the anterior corneal surface, any difference in the computed internal 

aberrations should reflect convergence effects. We found systematic differences in the estimated 

spherical internal aberration (mean values 0.054±0.048µm), but in the opposite direction than the 

differences found experimentally. This indicates that convergence effects are not responsible for the 

change found in the internal aberration shown in Figure V.9, which, if anything would be 
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underestimated. Figure V.9 compares the induced internal spherical aberration measured 

experimentally and that obtained from computer simulations ignoring the posterior corneal surface 

and fixed crystalline lens, as a function of pre-operative myopia.     

 

/$6,.�LQGXFHG�SRVWHULRU�FRUQHDO�DEHUUDWLRQV�DQG�ELRPHFKDQLFDO�UHVSRQVH�
Comparison of post-LASIK corneal and total aberrations reveals an increase in the amount of 

negative internal spherical aberration, which tends to slightly attenuate the impact of the positive 

spherical aberration induced on the anterior corneal surface (Figure V.6). The effect is larger as the 

pre-operative spherical refractive error increases and does not depend on the pre-operative internal 

aberrations: the correlation coefficient of post-LASIK internal spherical aberration to pre-LASIK 

spherical refractive error is 0.73 (p=0.0024) and the correlation coefficient of the induced internal 
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)LJXUH�9��� Spherical aberration (µm) of the internal optics Z4
0 of subjects after LASIK surgery minus spherical 

aberration before surgery as a function of spherical pre operative error (D). Black circles represent experimental values 
obtained by direct subtraction of total minus corneal spherical aberration. Red circles represent simulated values 
obtained by estimation on eye models. 
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spherical aberration (post- PLQXV pre-) to pre-LASIK spherical refractive error is 0.74 

(p=0.0016). LASIK surgery is not likely to induce changes in the crystalline lens, so the changes 

seem to occur on the posterior corneal surface. The effect is only present for spherical aberration, 

but not for other terms. 

This finding is consistent with recent reports using scanning slit corneal topography. They show  

posterior corneal surface changes of curvature following myopic PRK36 and LASIK37, 38, which 

produce a forward shift of the posterior corneal surface. This suggests that after myopic LASIK and 

PRK the thinner, ablated cornea may bulge forward slightly, steepening the posterior corneal 

curvature. This effect has been attributed to account for the regression toward myopia that is 

sometimes found post-treatment, particularly in the highest pre-operative myopes36. We have used a 

simple corneal model with aspherical surfaces and found that the observed mean changes of internal 

spherical aberrations are consistent with the changes in power and asphericity of the posterior 

corneal surface that have been reported recently 39. Seitz et al. found that the posterior central 

corneal power changed significantly from -6.28 D to -6.39 D after LASIK, and the asphericity P 

changed from 0.98 to 1.14, in a group of eyes with similar pre-op spherical refractive error than 

ours (range: -1.00 to -15.50, mean= -5.07 ± 2.81 D). For these values, we found that the induced 

spherical aberration of the posterior corneal surface is -0.103 µm, very similar to the change in 

internal spherical aberration that we measured experimentally (-0.110 µm, on average). 

In summary, using a combination of aberrometry and anterior corneal topography, we have 

shown that this change in the posterior corneal shape produces also a decrease of spherical 

aberration with respect to that predicted from anterior corneal aberrations alone. Our results confirm 

that this biomechanical corneal response is correlated with the amount of pre-operative myopia (or 

equivalently the depth of ablated cornea). From previous studies37, it is likely that it also depends on 

the pre-operative corneal thickness and pre- operative intraocular pressure.  

 

,PSOLFDWLRQV�
Our results have important implications for the evaluation of standard myopic LASIK surgery 

outcomes, as well as for the design of wavefront-guided ablation procedures (aiming at individually 

canceling pre-operative aberrations). First, the results show that the combination of corneal and 

total aberrations is necessary to understand individual surgical outcomes and their impact on visual 
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performance. In general, both corneal and total aberrations increase with surgery, but the particular 

increment depends on the individual subject. This is particularly critical in any “aberration-free” 

procedure, which cannot rely on the mean population response, but needs to be adapted to the 

individual patient. Second, total wavefront aberration measurements complement corneal 

topography information to gain insight into the biomechanical corneal response. Despite the fact 

that the ablation is applied on the anterior corneal surface, our analysis reveals changes in the shape 

of the posterior corneal surface, assessed by the modification of its spherical aberration.  
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This chapter is partly based on the article by Dorronsoro, C., et al., 'HWDLOHG�RQ�H\H�
PHDVXUHPHQW�RI�RSWLFDO�SHUIRUPDQFH�RI�ULJLG�JDV�SHUPHDEOH�FRQWDFW�OHQVHV�EDVHG�RQ�
RFXODU�DQG�FRUQHDO�DEHUURPHWU\� Opt Vis Sci, 2003. 80(2): p. 115-125. Coauthors of the 
study are: Sergio Barbero, Lourdes Llorente and Susana Marcos.  

The contribution of Sergio Barbero to the study was the adaptation of the corneal 
aberrometry to measurements on eyes with RGP lenses and participation in data 
collection. 
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5(680(1�
�

2%-(7,926: Obtener una descripción completa de las interacciones ópticas de las 

lentes de contacto permeables (RGP) en ojos normales. 

0e72'26: Medimos las aberraciones totales y de superficie anterior en cuatro 

sujetos; todos ellos eran usuarios de lentes RGP desde hacía bastante tiempo. La 

aberración de onda de la superficie anterior se obtiene a partir de los datos de elevación 

de un topógrafo corneal y las medidas oculares de aberración de onda se midieron con 

una técnica de trazado de rayos laser. Las medidas se realizaron sobre los sujetos con y 

sin las lentes de contacto.��
5(68/7$'26: En 3 de los 4 sujetos encontramos mejoras significativas de la óptica 

de ojos con lentes de contacto comparada con la óptica natural del ojo. En el sujeto de 

mayor dominancia de aberraciones corneales la RMS (2nd orden y superior) con lente de 

contacto decrece de 1.36 µm a 0.46 µm. Las aberraciones de 3rd y superior decrecen 

desde 0.77 µm a 0.39 µm. La óptica de las superficies internas y la flexión de la lente 

imponen límites a la compensación de aberraciones por parte de las lentes.  

&21&/86,21(6��La medida de aberraciones es útil para entender la adaptación de 

las lentes de contacto y la interacción con las superficies internas del ojo. La 

aberrometría puede ayudar a elegir los mejores parámetros estándar de las lentes RGP 

para mejorar la óptica de los ojos individuales.�
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385326(: Our aim was to obtain a complete description of the interactions of rigid 

gas permeable (RGP) contact lenses with the optics of normal eyes. 

0(7+2'6: We measured total and anterior surface aberrations in four subjects, who 

were all long term RGP contact lens wearers. The anterior surface wave aberration was 

obtained from videokeratographic elevation maps and ocular wave aberration was 

measured with a Laser Ray Tracing technique. Measurements were performed with and 

without their own spherical contact lenses.��
5(68/76: We found that in 3 of 4 subjects the contact lens significantly improved the 

natural optics of the eye. For the subject with higher dominance of corneal aberrations, 

RMS (2nd order and higher) decreased from 1.36 µm to 0.46 µm. 3rd and higher order 

aberrations decreased from 0.77 µm to 0.39 µm. The internal optics and lens flexure 

imposed limits on aberration compensation. Spherical RGP contact lenses did not 

produce spherical aberration due to a compensatory role of the tear lens. 

&21&/86,216�� Aberration measurements are useful to understand the fitting of 

contact lenses, and the interaction with internal optics of the eye. Aberrometry can help 

to choose the best standard RGP lens parameters to improve the optics of individual 

eyes.�
�
�
�
�
�
�
�
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���,QWURGXFWLRQ�
�

In this chapter we will show the use of ocular aberrometry and corneal topography 

to assess optical performance of rigid gas permeable Contact lenses (RGP CL), and the 

potential of this type of lenses to significantly reduce ocular aberrations (not only 

defocus and astigmatism, but also high order aberrations). The combination of total and 

anterior surface aberrations measurements in the same subjects with their natural optics 

and RGP lens will allow us to assess aspects related to contact lens fitting.  

It is widely accepted in the clinical practice that RGP CLs provide the best 

ophthalmic correction, at least from a purely optical viewpoint1. RGP CL are expected 

to mask the anterior corneal surface with a perfectly regular surface, and fill in with tear 

all the corneal irregularities. The refractive index similarity between the tear film and 

the anterior corneal surface reduces the impact of corneal aberrations2. However, a 

direct comparison of the optical changes produced by RGP CLs on the anterior surface 

of the cornea and total optical system has not previously been reported.  

The better visual response of RGP CLs, compared to soft CLs (which would 

produce the same magnification) or spectacles, is well documented in the optometry 

literature 1, 2. Most of these studies are based on psychophysical measurements of visual 

performance and conclude that RGP CLs provide higher visual acuity and contrast 

sensitivity. Several studies perform computer simulations to understand the optical 

performance of the contact lens 3. Using computer modeling, they study the interaction 

of the lens with a model corneal surface and the optical contribution of the tear lens 

between the cornea and contact lens. Validating those simulations is difficult, as they 

tend to simplify the problem: They do not take into account corneal irregularities, 

contact lens decentration and flexing, and the influence of the internal optics. Other 

studies4 have measured the topography of the CL on the eye to study flexure on eye, but 

the analysis is based on corneal elevation data rather than on corneal wave aberrations. 

To our knowledge, only Hong et al. (2001)5 have measured aberrations in subjects 

wearing RGP CLs, finding that in 3 out of 4 subjects, RGP CL provided lower 

aberrations than soft CLs and spectacle lenses. 

In this chapter we have measured total aberrations and anterior surface aberrations in 

four young healthy subjects, long term RGP CL wearers. We have measured aberrations 
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with and without the CL. The combination of these four types of measurements allows a 

complete description of the interactions of the CL with the subject’s natural optics, and 

to study the optical implications of the RGP CL fitting.  In this paper we show the 

capability of RGP CLs to greatly reduce ocular aberrations beyond defocus, particularly 

in optically degraded eyes.  

�
���6XEMHFWV�DQG�PHWKRGV 

�
6XEMHFWV�
Four volunteers (two males and two females) participated in the study. RGP CLs 

were not fit for this particular study, but rather the subjects were selected because they 

were long term and satisfied RGP CL wearers. Subjects wore their own CLs, which all 

were RGP with anterior spherical surfaces. Ages ranged from 18 to 33, and spherical 

refractions from –4.5 to –8 D. Individual autorefractometer refractions, ages, axial 

lengths, anterior chamber depths and corneal curvatures are reported in Table VI.1. 

Parameters of each CL provided by the manufacturers are also included Table 1. 

Apart from their ametropia, all eyes were normal, and BCVA was 1.00 or better. 

Only one eye was tested per subject, right eye for S1, S2 and S4, and left eye for S3. 

RGP lens stabilization and repositioning after blinking was checked by pupil video 

monitoring (with respect to the pupil center). While there was not inter-eye differences 

in the rest of the subjects, in subject S3 centration was significantly better for the left 

than for the right eye, and therefore the left eye was chosen for measurements. Table 

VI.1 reports the coordinates of the center of the CL (in its stable position) relative to the 

pupil center. 

All subjects had an eye examination before participating in the experiment. All 

subjects were informed about the nature of the study and signed an informed consent 

form, following the tenets of the Declaration of Helsinki. All the protocols and consent 

forms have been approved by Institutional Review Boards. 
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7DEOH� 9,��� Individual ages, autorefractor refractions, axial lengths, anterior chamber depths, corneal 
curvatures and contact lens parameters provided by the manufacter. 

 

*HQHUDO�H[SHULPHQWDO�SURFHGXUH�
All measurements were conducted in the same experimental session, which lasted 

about an hour. Initial routine measurements included slit lamp examination, 

autorrefraction (Automatic Refractor Model 597, Humphrey-Zeiss), and axial length 

and anterior chamber depth by optical biometry (IOLmaster, Humphrey-Zeiss). These 

measurements, as well as videokeratography (Atlas Mastervue Corneal Topography 

System Model 990, Humphrey-Zeiss) were obtained without the CL. A second 

videokeratography was obtained with the subject wearing his/her CL.  

Videokeratographic images were taken when the CL had reached a stable position after 

blinking. Images distorted by tear fluid irregularities (more frequent when the eye was 

wearing the CL) were rejected. Pupils were dilated by means of one drop of tropicamide 
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1% prior to Laser Ray Tracing measurements of ocular aberrations. The first set of 

measurements was taken without the CL, and the last set of measurements with the CL 

on. 

 

7RWDO�DEHUUDWLRQ�DQG�DQWHULRU�VXUIDFH�DEHUUDWLRQ�PHDVXUHPHQWV� �
A detailed description can be found in chapter II. 

6HW�XS�DQG�SURFHGXUHV�
Typical pupil diameters for LRT measurements in previous studies were 6.5 mm 

(with a sample step of 1 mm). In this study we reduced maximum pupil size (6 mm for 

subject S1, 5.5 mm for subjects S3 and S4, and 5 mm for subject S2). We found that for 

larger pupil diameters several images (corresponding to the most eccentric entry pupils) 

were affected by diffraction at the edge of the CL. Sampling step was varied, so that in 

all cases the pupil was sampled by 37 rays. For comparison purposes, all data were 

recomputed for 5-mm pupils.  

The largest contribution to the displacement of retinal aerial images in 

measurements without CLs was caused by spherical errors. For the pupil diameters 

used, all the aerial images fitted within the CCD chip, except for one subject (S3), for 

whom spherical errors moved the aerial image outside the CCD. For this subject, we 

compensated for the refractive error with a trial lens (-7D), in measurements performed 

without the CL. For one subject (S4), we conducted measurements with and without 

trial lens, to assess any possible contribution of the trial lens correction (see below). 

�
&RQWURO�DQG�WULDO�H[SHULPHQWV��
Pupil monitoring: Similarly to videokeratographic images capture with CLs some 

training was required to optimize image capture with CLs in LRT, and to ensure that 

measurements were taken with the lens in its stable position. Initial measurements were 

performed in one subject wearing RGP CL (S1), using green light (543 nm). The pupil 

was illuminated by IR (780 nm) light using a ring optical fiber illuminator. A filter (543 

nm) was placed in front of the CCD camera that captured the aerial images to eliminate 

spurious light from the pupil illumination. A frame grabber captured the video signal 

from the pupil monitoring camera, while the test beam scanned the pupil and the second 

camera captured the aerial images. Pupil images also show the position of the CL, and 
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the 1st Purkinje images of the sampling beam (actually the reflection comes from the 

CL, rather than from the anterior corneal surface) as it moves across the pupil. With this 

configuration, we were able to assess the exact entry pupil location for each captured 

aerial image. In all cases, aerial images showing a diffraction pattern and elongated in a 

direction perpendicular to the CL edge, corresponded to rays that hit the edge of the 

optical zone of the CL. We also were able to assess CL motion dynamics in all subjects 

by pupil monitoring. All of the CLs moved downwards significantly when the subject 

raised his/her upper lid more than normal. After some feedback, the subject was able to 

keep a good CL stability.  

We performed measurements in S1 in both visible (543 nm) and IR (786 nm) light. 

Except for exceptional runs for which the CL was clearly displaced (as assessed by the 

pupil video image during the measurements in green), results in both wavelengths were 

within the measurement variability (average standard deviation across Zernike 

coefficients less than 0.1 µm). For the sake of subject’s comfort, only IR light was used 

for the rest of the subjects. Dynamics of the CL was assessed with the described system 

prior to the measurement, and when stability was achieved, pupil illumination was 

turned off during aerial image capture in IR light. 

Effect of trial lenses: Trial lenses, or in general any correction system (i.e. Badal 

optometer) that changes ray convergence to optimize retinal focus, may have an effect 

on the measured spherical aberration. We measured one subject (S4) with his 

uncorrected eye and with a trial lens (-5 D) in front of the eye. The converging effect of 

the lens introduces a scaling in the sampling pattern, which was corrected by the 

software controlling the scanner. We could not find significant differences in the 

aberrations measured with and without the trial lens.  

�
'DWD�KDQGOLQJ�DQG�VHOHFWLRQ�
Special care was taken in the processing of data from eyes wearing CLs, since they 

were subject to problems not present in the natural eyes (lens movement or partial pupil 

covering by the eyelid). We rejected aerial images with CL edge effects patterns. The 

presence of more than three diffraction-like patterns of adjacent rays was a cause to 

reject the whole series, as we suspected the lens or the subject had moved.  More than 

four images rejected for any reason caused the rejection of the whole series, which was 
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not used in further processing. This happened in 17 out of a total 45 number of series. In 

very exceptional cases (3 out of 28) we found that the wave aberration corresponding to 

an apparently normal series of images, was very different from the rest of consecutive 

runs. These abnormal patterns were rarely or never repeated, and we interpreted that 

they corresponded to unstable positions of the CL or CL shift during the measurement. 

These abnormal modes usually had also an abnormally high amount of coma and/or 

astigmatism. All of the aberration estimates presented here were calculated at least from 

the mean of three series. 

 

���5HVXOWV�
 

Figure VI.1 shows wave aberration maps for all four subjects. For each subject we 

show the four measurements performed: total and anterior surface aberrations, with and 

without CL, respectively. Anterior surface aberrations stand for aberrations of the 

anterior corneal surface for the eye without CL, and aberrations of the anterior surface 

of the lens when the eye is wearing the CL. Defocus has been removed in all cases. For 

each subject, the four upper maps include all aberrations except tilt and defocus, and in 

the four lower maps astigmatism has also been removed. To show the effect of CL 

wear, we have used the same gray scale for anterior surface and total aberration maps 

for the same subject. Contours have been plotted at 1 µm intervals. Pupil size is 5-mm 

in all cases.  

For each subject, the four upper maps include all aberrations except tilt and defocus, 

and in the four lower maps astigmatism has also been removed. Contours have been 

plotted at 1 µm interval. Pupil diameter is 5 mm in all cases. The RMS (in microns) is 

indicated for each wavefront. In many cases, and most obviously for S1, the number of 

contour lines is lower with the CL, indicating a correction of the natural aberrations by 

the CL. Not only astigmatism decreases (see upper maps), but also higher order 

aberrations. We found an increase of aberrations with CL only for S4, whose natural 

aberrations were very low. While the amount of aberrations decreases in most cases, the 

aberration pattern with CL follows a pattern similar to the natural wave aberration. This 

is indicative of some degree of conformity. There is a strong similarity between total 

and anterior surface wave aberration maps in all subjects and conditions.  
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)LJXUH�9,��: Wave aberration maps for all subjects. For each subject we show the four wavefronts 

measured: total (left panel) and anterior surface (right panel), with and without rigid gas permeable 
contact lens (RGP CL). Anterior surface aberrations stand for aberrations of the anterior corneal surface 
for the natural eye, and aberrations of the anterior surface of the CL when the eye is wearing the CL. 
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Figure VI.2 compares Zernike coefficients for two representative subjects (S1 and 

S3). S1 (Figures VI.2a and VI.2b) is the subject with the highest amount of aberrations 

without CLs, and highest degree of compensation with RGP CLs. S3 (Figures VI.2c and 

VI.2d) has high astigmatism but low high order aberrations.  The ordering and notation 

of the Zernike coefficients follows the recommendations of the Optical Society of 

America Standard Committee6. For subject S1, total astigmatism (terms 3 and 5) is well 

corrected, but there is also a large reduction of 3rd and higher order aberrations –see for 

example coefficient 12 (Z4
0) and 13 (Z4

-2) in Figure VI.2a–. All the most significant 

anterior surface aberration coefficients are also largely reduced, with the exception of 

spherical aberration (Z4
0): astigmatism, terms 3 (Z2

2) and 5 (Z2
-2) and comatic term 8 

(Z2
-1) in Figure VI.2b. There is a good correspondence between total and anterior 

surface aberrations (Figures VI.2a and VI.2b). S3 shows an aberration pattern 

dominated by astigmatism (almost as high as S1), practically all corneal in origin, as 

indicated by the great correspondence of total and corneal aberrations (Figures VI.2c 

and VI.2d). Spherical aberration is the predominant high order aberration of the cornea, 

but not of the whole eye. In this subject we found only a small correction of aberrations 

by the RGP CL.  
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)LJXUH�9,��: Zernike coefficients for subjects S1 and S3. (a) Total  aberrations with and without CL 

for S1; (b) Anterior surface aberrations with and without CL for S1;(c) Total  aberrations with and 
without CL for S3; (d) Anterior surface aberrations with and without CL for S3. 

 

Figure VI.3 summarizes the effect of RGP CLs on total aberrations (RMS) for 

different orders of the Zernike polynomial expansion, for all subjects. Figure VI.3a 

shows RMS for all terms, excluding tilt and defocus.   

The CL significantly corrects part of the ocular aberrations in three of our four 

subjects. RMS decrements range from 0.9 µm in S1 to 0.2 µm in S3. For subject S4 

there is a slight increase in RMS (0.09 µm). This value is of the order of the RMS 

variability (0.11 µm for this subject), and therefore it is not statistically significant. This 

subject has a low amount of aberrations, and internal optics RMS (0.37 µm) is 

comparable to corneal RMS (0.51 µm). Anterior surface aberrations decrease however 

(RMS 0.51 to 0.46) with CL wear. 
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)LJXUH�9,��: Effect of RGP CLs on total RMS for all subjects. (a): RMS for all terms, excluding tilt 

and defocus; (b) RMS for 3rd and higher order.terms (c): RMS for 3rd order terms; (d) RMS for 5th and 
higher order terms. 

 

Figure VI.3b shows RMS for all terms of 3rd and higher order. These terms account 

for all aberrations that cannot be corrected with conventional ophthalmic lenses. 

Figure VI.3c shows RMS for Zernike coefficients of 3rd order only, i.e. coma-like 

aberrations. Figure VI.3d shows 5th and higher order aberrations. Subject S1’s natural 

optics shows high amount of aberrations in all orders, and there is a reduction of 

aberrations in all orders with RGP CL wear. 

All other subjects have a low amount of aberrations without CL, other than 

astigmatism, and the use of CLs does not change them significantly. The effect of RGP 

wear on 5th and higher order terms (Figure VI.3d) shows different trends across 

subjects: a decrease for S1, no difference for S3, and an increase for S2 and S4. Increase 

in the 5th and higher order terms is curiously found in the same subjects who 

experienced an increase in 3rd order terms and more systematic decentrations of the 

RGP lens. A possible increase of 3rd and higher order terms due to decentrations had 

been predicted3, 7 although this effect has proved more relevant for aspheric lenses.  

Figure VI.4 shows total and anterior surface 4th order spherical aberration coefficient 

(Z0
4) for the different subjects, with and without CL.  
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)LJXUH�9,��: Total and anterior surface 4th order spherical aberration coefficient (Z0
4) for the four 

subjects, with and without CL. 
 

As expected, despite intersubject differences in the amount of spherical aberration in 

the natural corneas, we obtained the same amount of spherical aberration for all lenses 

(increased with respect to natural values because the lenses were spherical). However, 

the total spherical aberration with CL is close to zero for all subjects.   

 

���'LVFXVVLRQ�
 

$EHUUDWLRQ�FRUUHFWLRQ�
The principle of correction of corneal irregularities (and hence corneal aberrations) 

by RGP CLs has been explained by several authors2, 3. The CL substitutes the anterior 

surface of the cornea with a polished regular surface. The main refraction is now 

produced at the anterior surface of the CL. Tear between lens and cornea fills in corneal 

irregularities. The power of the anterior surface of the cornea decreases to 11 %, as 

refraction indexes are almost the same (ntear = 1.336, ncornea=1.376). Therefore, the CL 

correction acts on corneal aberrations. We have found that RGP CLs are able to correct 

to some extent ocular aberrations. For the most aberrated eye, we found a decrease of 

RMS (excluding tilt and defocus) by a factor of 3 (or RMS decrement of 0.9 µm). The 
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improvement is not only due to astigmatism corrections. Non conventional aberrations 

were also significantly reduced: 3rd and higher order RMS decreased by a factor of 2 (a 

decrement of 0.38 µm). Interestingly, total spherical aberration was close to zero, 

despite the spherical surfaces of the CL.  

These results are comparable to the best case reported by Hong et al.5 (RMS 

decreasing from 0.5 to 0.14 µm), who compared the impact of RGP CLs, soft CL and 

spectacles on the ocular aberrations. This degree of compensation is close to that 

achieved by some custom correction methods, which aim at correcting not only corneal 

but the whole optical system aberrations. Navarro et al.8 reported an increase by a factor 

of 5 (RMS decrease from 1.25 to 0.25, for 6.5-mm pupils) using static correction by 

custom phase-plates. Preliminary results with custom CLs show a decrease in RMS 

from 0.83 to 0.35, for 5 mm pupils9. In addition, the first outcomes of custom refractive 

surgery show variable results10, 11. A decrease of the RMS from 1.5 to 0.2 µm for 6.8-

mm pupils have been reported using dynamic corrections with adaptive optics12, 13. 

These findings may have some implications in myopia management and control. 

Several clinical trials14, 15 have found that children wearing RGP CL had a slower 

myopia progression than other age- and refraction-matched groups wearing glasses or 

soft CLs. The differences could not be explained by corneal flattening in RGP CL 

wearers. Degraded vision with occluding diffusers (and conceivably with an increased 

amount of aberrations) has been linked to myopia development both in animal models 

and humans.  A better optical quality with RGP CLs may be one of the causes for this 

apparent slow in myopia progression. 

The major limitation of aberration correction with standard RGP CLs is that it is 

restricted to anterior corneal surfaces aberrations, while the previous methods aim at 

canceling all aberrations. We have found that the amount of aberration corrected 

depends on the subject initial aberrations, and in particular, whether the ocular 

aberration pattern was dominated by corneal aberration, or rather the internal 

aberrations played a significant role.  

Measuring anterior surface and total aberration allows, by subtraction, to account for 

the contribution of internal aberrations to the ocular optics. Previous studies have 

applied these comparisons to study the interaction of the aberrations of the different 

ocular components as a function of age16, refractive error17 or in refractive surgery18. It 
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appears that in young, normal eyes, there is an important degree of balance between 

corneal and internal aberrations. The measure of anterior surface and total aberrations in 

patients with and without RGP CLs allowed us for the first time to evaluate the 

interactions of the ocular components (including the internal optics) with RGP CLs and 

understand the performance of this type of lenses individually.  

From our subjects (see Figures VI.1 to VI.3), S1 had the greatest amount of corneal 

aberrations (RMS=1.29 µm, including astigmatism) and the ocular aberration pattern 

was dominated by corneal aberrations. This is the most favorable case to achieve a good 

aberration correction with CLs and explains the excellent outcomes for this subject. 

Subjects S2 and S3 have low internal aberrations (RMS= 0.42 µm, 0.3 µm, 

respectively) but only moderate corneal aberrations (RMS=0.77 µm and 0.91 µm), and 

therefore the correction is not so remarkable. Subject S4 had very low corneal 

aberration (RMS= 0.51 µm), which are partially compensated by internal aberrations 

(RMS=0.37 µm), producing very low total aberrations (RMS=0.36 µm). In this case, 

aberration correction was not achieved despite the fact that anterior surface aberrations 

decreased by the RGP lens (from 0.51 µm to 0.46 µm).  

Our study demonstrates that internal optics limits the aberration correction by the 

use of RGP CLs. However, in those subjects with predominant corneal aberrations, 

corrections can be of the same order as those achieved by custom devices. This is 

particularly relevant in those cases where increased aberrations limit visual 

performance, such as pathological or surgical corneas. All previous studies of aberration 

compensation made use of customized optical elements, subjects with increased 

aberrations by corneal pathology, or specially manufactured CLs, while we have studied 

normal subjects wearing their own standard spherical RPG CLs. 

It may be argued that the subjects in our study may not be considered normal, since 

it is well known that long term RGP lens wear can alter corneal shape and induce 

corneal warpage and distortion19. If that was the case, the potential benefits of RGP CLs 

to improve the optical quality may be overestimated. We compared 3rd and higher order 

corneal aberrations in our four subjects with a population of other 38 normal young (31 

± 7 years) myopes (–4 ± 2.2 D), measured using the same procedures. For this control 

group, 3rd and higher order corneal RMS was 0.57 ± 0.2 µm. This value was close to the 

RMS (0.67 µm) for the most aberrated subject S1 in our study, which had been wearing 
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RGP CLs for more than 10 years. Corneal aberrations in the other three subjects were 

lower than 0.25µm as seen in Figure VI.1. Therefore, the results found in the study are 

not necessarily unique to this particular set of subjects, and most subjects from the 

control group could potentially benefit from a reduction of aberrations by RGP CLs. 

In this study we have shown the application of combined measurements of 

aberrometry and corneal topography in RPG CL fitting. By using this methodology, we 

have been able to evaluate the contribution of the anterior surface of the RGP CL and 

the internal ocular optics on the optical performance of eyes wearing RGP CL. This 

information provides an accurate analysis of CL fitting in individual eyes, and allows, 

for example, to track individual aberration terms through the different optical elements 

involved (contact lens, cornea, internal optics).  

We have shown that RGP CLs can improve significantly the natural optics of the 

subject, provided that corneal aberrations are predominant, and the lens flexure is well 

controlled. As there is previous evidence that internal aberrations usually compensate to 

some extent the aberrations of the cornea20, we conclude that a custom control on lens 

flexure can improve the cornea/internal optics aberration ratio and result in an 

improvement of the subject's visual performance.  

Finally, we have shown that spherical RGP CLs do not induce higher final spherical 

aberration on the eyes measured. While the anterior lens surface shows higher spherical 

aberration than the natural cornea, we found negligible values of total spherical 

aberration in all our four subjects wearing their RGP CLs.  
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validation of the corneal aberrometry, implementation of the experimental eye model for 

in vitro testing of the IOLs, development of customized eye models to test 

computationally the optical performance of IOLs in vivo and additional computer 

simulations. There were also a contribution in the experimental measurements of 

patients, experimental data analysis and conclusions. 

 
 
 

 

 

 



&KDSWHU�9,,��2SWLFDO�DEHUUDWLRQV�RI�LQWUDRFXODUHV�OHQVHV�PHDVXUHG�LQ�YLYR�DQG�LQ�YLWUR������������������

 127 

 

 

�
5(680(1�

�
2%-(7,926��Medir las aberraciones totales y corneales en un grupo de ojos antes y 

después de la cirugía de cataratas con implantación de una lente LQWUDRFXODU (LIO) 

usando técnicas de aberrometría.  

0e72'26��Las aberraciones totales se midieron con una técnica de trazado rayos. Las 

aberraciones corneales se obtienen a partir de una marcha de rayos partiendo de datos de 

elevación de un topógrafo corneal (Humphrey Instruments). Estimamos la calidad 

óptica de las lentes intraoculares LQ� YLYR restando los frentes de aberración total y 

corneal��Se realizaron, además, medidas de las aberraciones de las LIO LQ�YLWUR, usando 

un modelo de ojo experimental, y mediante trazado de rayos virtual medimos las 

aberraciones de las LIO según los datos nominales dados por el fabricante. 

5(68/7$'26��Las aberraciones en los ojos pseudofacos no son significativamente 

distintas que los ojos antes de la cirugía, u ojos sin cataratas en sujetos de la misma 

edad; sin embargo, sí son significativamente más altas que en un grupo de ojos jóvenes. 

Encontramos un ligero incremento de las aberraciones corneales con la cirugía. 

Encontramos buena correspondencia entre las medidas de la aberración esférica LQ�YLYR��
LQ� YLWUR y simulada. A diferencia de la aberración esférica de cristalinos jóvenes, que 

tiende a ser negativa, la aberración esférica de la LIO es positiva, incrementado su valor 

con la potencia de la lente. La marcha de rayos virtual y las medidas LQ�YLWUR�muestran 

que desplazamientos e inclinaciones pueden contribuir al incremento de las aberraciones 

de tercer orden LQ�YLYR. 

&21&/86,21(6��El efecto de la incisión, las aberraciones de la lente intraocular y la 

falta de compensación de la aberración esférica de la cornea por el cristalino producen 

degradación óptica en ojos pseudofacos.  
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385326(��Corneal and ocular aberrations were measured in a group of eyes before 

and after cataract surgery with spherical intraocular lens (IOL) implantation using well-

tested techniques developed in our laboratory. 

0(7+2'6�� Total aberrations were measured using Laser Ray Tracing. Corneal 

aberrations were obtained from corneal elevation data measured with a Humphrey 

Instruments corneal videokeratoscope, and using custom software that performs a 

virtual ray tracing on the measured front corneal surface.  By subtraction of corneal 

from total aberration maps, we estimated also the optical quality of the intraocular lens 

LQ�YLYR. We also measured the aberrations of the IOL LQ�YLWUR, using an eye cell model, 

and simulated the aberrations of the IOL, based on its physical parameters. 

5(68/76��  We found that pseudophakic eyes do not show significantly different 

aberrations from eyes before cataract surgery or healthy eyes of the same age previously 

reported. Aberrations in pseudophakic eyes are however significantly higher than in 

young eyes. We found a slight increase of corneal aberrations with surgery. We found a 

good agreement between LQ� YLYR, LQ� YLWUR and simulated measures of spherical 

aberration: unlike the spherical aberration of the young crystalline lens which tends to 

be negative, the spherical aberration of the IOL is positive and increases with lens 

power. Computer simulations and LQ� YLWUR measurements show that tilts and 

decentrations might be contributors to the increased third order aberrations LQ�YLYR, in 

comparison to LQ�YLWUR measurements.  

&21&/86,216�� The incision effect, the aberrations of the IOL and the lack of 

balance of the spherical aberration of the corneal by the spherical aberration of the 

intraocular lens degraded the optical quality in pseudophakic eyes.  
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At present, surgery is the only treatment for cataract. Virtually all cataract 

procedures replace the natural crystalline lens by an intraocular lens (IOL). Cataract 

extraction and subsequent IOL implantation has evolved over the years toward less 

invasive procedures (smaller incisions, no sutures, etc..). The old extracapsular 

technique (common in the 80’s) required 14-12 mm corneal incisions and multiple 

sutures to seal the eye after surgery, typically resulting in an astigmatism increase. 

Phacoemulsification was developed in the search for a way to extract cataracts through a 

smaller incision and it has become the preferred technique for cataract extraction. An 

ultrasound or laser probe is used to break the lens apart, maintaining the capsule intact. 

The fragments are then aspirated out of the eye. A foldable IOL is then introduced 

through the 3-4 mm incision. Once inside the eye, the lens unfolds to take position 

inside the capsule. No sutures are needed, as the incision is self-sealing.  Parallel to the 

development of surgical procedures, new IOLs have been designed, with better optical 

surfaces and haptic shapes, new lens materials that minimize the loss of endothelial cells 

and the risk of capsule opacification, and new designs for lens positioning during 

surgery1. 

IOL manufacturers and researchers have developed several methods to evaluate LQ�
YLWUR IOL’s optical quality. The most important are interferometric methods, Modulation 

Transfer Function (MTF) measurements, and resolution methods2-4. Efforts have been 

made to specify standard optical quality specifications to compare different designs and 

manufacturers: (American National Standard for Ophthalmics-Intraocular Lenses, and 

ISO 11979-2 Ophthalmics implants-Intraocular lenses-Part 2: Optical properties and test 

methods). Useful insight can be obtained using aberration theory5 and with the help of 

optical simulations with eye models. Of particular importance are the studies by 

Atchison´s6-8 and Lu et al.9 who evaluated theoretically the impact on optical quality of 

different designs of IOL’s. These studies predict the amount of spherical aberration 

associated to IOLs of different shapes. 

Few studies in the literature report LQ� YLYR objective measurements of the optical 

quality of eyes implanted with IOL. Most of them measure the ocular MTF10-12with  
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double-pass techniques13. These studies conclude that eyes implanted with IOLs have 

lower MTFs (more degraded optics) than young eyes. In addition, monofocal IOLs 

produce better optical performance than diffractive multifocal IOLs. Double pass 

measurements of the MTF have proved valuable and accurate, and in addition to the 

contribution of aberrations, they account also for the degradation caused by scattering. 

However, the wave aberration produces a more complete description of optical quality, 

since it contains phase information and the sources of optical blur can be better 

discriminated. 

To our knowledge, only a study by Mierdel et al14 has measured  ocular aberrations 

after cataract surgery and IOL implantation (using the Tscherning´s aberroscope15). 

However, the results are not very conclusive. They did not find that aberrations were 

significantly higher in eyes after surgery than in a group of emmetropic eyes, although 

higher variability in post-operative data suggested some abnormalities. Other authors 

have studied corneal aberration changes (due to the incision), but the results are 

controversial. Hayashi et al16 found significant changes in corneal aberrations after 

surgery (phacoemulsification with incision length ranging from 3.5 to 6.5 mm) while 

Guirao et al12 found no significant differences between post-operative corneal 

aberrations (extracapsular cataract extraction with 6mm incision)  and corneal 

aberrations in an aged-matched group. Previous studies looking at corneal topography or 

keratometry limit their analysis to corneal astigmatism, most of them comparing the 

amount of post-operative corneal astigmatism with different localization17, 18, length19,  

and architecture of the incision20. In the present study we have combined measurements 

of total (using a laser ray tracing technique21, 22) and corneal aberrations (using a 

videokeratoscope and custom software23-25) in eyes that have undergone cataract 

surgery, and examined the sources of aberrations in these eyes. It is well known that 

optical aberrations increase with age26, 27, mainly due to shift of spherical aberration of 

the crystalline lens toward positive values28, 29. In the present study we show that 

replacement of the crystalline lens by a spherical IOL does not decrease the amount of 

aberration in elderly eyes. 

Changes in corneal aberrations allow the study of possible degradation due to the 

incision. Subtracting the corneal aberrations from the total aberrations provide, for the 

first time, measurements of the optical aberrations of the IOL LQ�YLYR. We also measured 
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the aberrations of the IOL in an optical bench, using the laser ray tracing technique and 

a model eye built for this purpose. Direct comparison of the aberrations of the IOL 

measured LQ�YLYR and LQ�YLWUR allowed us to separate the optical degradation produced by 

the lens itself from that may be caused by positioning errors. Finally we performed 

optical simulations, using the proprietary designs provided to us by the manufacturer 

and computer eye models, in order to compare the predicted with the real optical 

quality.  

 
 ���0HWKRGV�
 
$��,Q�YLYR�PHDVXUHPHQWV�
Total wave aberrations were measured with a laser ray tracing technique, which has 

been described in detail in chapter II21, 30. Pupil dilatation was achieved using one drop 

of Tropicamide 1%. Pupil diameters in our old subjects ranged from 5 to 6 mm (as 

opposed to young subjects, for whom we typically use 6.5 mm). To facilitate 

comparisons across subjects, all data are presented for a 5 mm pupil diameter. Wave 

aberrations of the anterior corneal surface were obtained by virtual ray tracing using an 

optical design program (Zemax, October 17, 2002, Focus Software, Tucson, AZ). 

Corneal elevation maps were obtained using a videokeratographer (Humphrey 

Instruments, San Leandro, CA). A detailed description of the procedure, computations 

and validation of the technique has been presented in chapter II23, 25, 31. Internal 

aberrations were calculated by subtracting corneal aberrations from total aberrations. 

Internal aberrations include contributions of the crystalline lens (or IOL) and posterior 

corneal surface. In normal subjects posterior corneal contribution can be considered 

negligible31, 32. We quantified this contribution in 2% at most (RMS third order and 

higher) in an aphakic eye (chapter IV)31.   

�
%��,Q�YLWUR�PHDVXUHPHQWV�
The aberrations of the IOL were also measured in an optical bench using the laser 

ray tracing technique. The IOL was mounted following standard methods described in 

the literature3, 4, 33 for MTF measurements.  
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For this purpose, we built an eye cell model that was mounted in place of the eye in 

front of the laser ray tracing technique system. Fig VII.1(a) shows a photograph of the 

eye cell model, and (b) a schematic diagram. 

The eye cell model consisted of a 28 mm Nikkon camera objective, which acted as 

the cornea� �506 ����� P���7KLV� OHQV�SURGXFHG� WKH�DSSURSULDWH�FRQYHUJHQFH�RQWR� WKH�
IOL. The IOL was placed in a container with 5-mm thick methachrylate walls, filled in 

with water. The IOL was mounted on a x-y linear and rotational micrometer stages, to 

ensure proper centration, and simulate positioning tilts.  Simulations using Zemax were 

used to assess the appropriate distances and validity of the parameters used in this eye 

cell model. We computed, using the Herzberger dispersion formula34 for 786 nm,  that 

the error in the wave aberration measurement due to the differences in the index of 

refraction of water (1.3309) and those of the aqueous humor (1.3315), and the vitreous 

(1.3311)  was negligible (0.003 µm). The distance between the camera objective and the 

IOL was set so that the convergence of rays on the IOL was equivalent to that of the real 

eye. A convergence angle of 5.1 deg (which we computed in Zemax for the post-

operative cornea of eye # 7) was achieved by placing the IOL 6.08 mm behind the 

camera lens (and 0.8 mm from the wall of the water container).  

 

 

 

 

 
)LJXUH� 9,,���� �D�� Photograph of the eye cell model system used for LQ� YLWUR measurements.  �E� 

Schematic diagram of the eye cell model, consisting of a camera objective, a methachrylate cube filled 
with water, the IOL mounted on a rotation stage and an artificial retina. 
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We also computed the appropriate sampling pattern diameter to achieve a similar 

effective aperture of the IOL than in real eye measurements. For a distance of 4.2 mm 

between the posterior corneal surface and the IOL (measured by optical biometry for 

eye #11) and a 5-mm sampled pupil, the effective aperture on the IOL is 4.22 mm. This 

effective aperture was achieved by using a 5-mm pupil in the eye model. Since the 

measurements are done in a double-pass configuration, a diffuser surface was placed at 

the as focal plane, acting as the retina. In order to avoid speckle noise in the aerial 

images, we increased normal exposure times (100 ms) to 300 ms, while the diffuser was 

moved vertically. Eliminating the speckle in the images is necessary to ensure an 

accurate detection of the centroids. As in the real eye, we obtained sets of 37 aerial 

images, from which the wave aberration was computed. 

To eliminate aberrations introduced by the camera lens, and especially the spherical 

DEHUUDWLRQ� LQWURGXFHG� FRQWDLQHU� �506 ����� P���ZH� REWDLQHG� D� UHIHUHQFH� VHW� RI� GDWD�
removing the IOL. The aberrations of the IOL (directly comparable to the internal 

aberrations in the eye) were computed by subtraction of this reference from the total 

aberrations, as the wave aberrations through different elements are additive.  

�
&��&RPSXWHU�PRGHOLQJ�
We performed computer simulations using an optical design program (Zemax) to 

evaluate the theoretical optical performance of the IOLs. We estimated the IOL wave 

aberration and spherical aberration (in terms of Z4
0) for a model eye as function of IOL 

power, as well as individual predictions of total spherical aberration using individual 

corneal topography, anterior chamber depth and IOL parameters. This modeling also 

allowed us to test the effects of IOL tilt and decentration. 

The computer simulations performed using monochromatic ray tracing (786 nm).  

Data of anterior radius, posterior radius and thickness of IOLs similar to those tested in 

this study were provided to us from the manufacturer, as well as refraction index (1.55). 

All lenses were biconvex (spherical surfaces) except for the 0 D which was a meniscus.  

For comparison with LQ�YLWUR measurement converging rays, with the same angle and 

the same effective pupil than in the eye cell model, were traced through the IOL.  For 

comparison with LQ�YLYR measurements, we used the individual corneal elevation maps 
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and anterior chamber depths. The posterior corneal surface was simulated as an aspheric 

surface of 6.31 mm radius and -0.51 asphericity (asphericity=-H2, where H is the conic 

eccentricity), these values are taken from aging corneas experimental values35. Corneal 

refraction index was assumed 1.371 (for 786 nm), and corneal thickness 0.5 mm.  

Estimates were obtained on the optical axis (i.e. shift of the fovea from the optical axis 

was not taken into account) and for the pupil centered on the optical axis. 

�
'��0RGXODWLRQ�7UDQVIHU�)XQFWLRQ�FDOFXODWLRQV�������
We computed the Modulation Transfer Function (MTF), i.e. the modulus of the 

Optical Transfer Function (OTF), from the wave aberration using Fourier Optics and 

routines written in Matlab. The MTF is the modulus of the autocorrelation of the pupil 

function, where the pupil function is: 

)),(*
*2

*exp(*),(),( EDO
SEDED :L73 �  

where : is the wave aberration and 7 is the pupil transmittance,   and  pupil 

coordinates and �is the wavelength (786 nm). We ignored pupil apodization by Stiles-

Crawford effect, i.e. 7( � )=1. MTF is calculated from the ocular wave aberrations 

measured LQ� YLYR�� and� from LQ� YLWUR and simulated IOL wave aberrations. All the 

computations were done considering only 3rd and higher order aberrations (i.e. setting 

defocus and astigmatism to zero). 

�
(��6XEMHFWV�
We measured total and corneal aberrations in 9 eyes from 7 subjects (mean age: 

70.6±9) after cataract surgery. Both types of measurements were conducted in the same 

experimental session, at least two months after surgery. Axial length and anterior 

chamber depth by optical biometry (IOLMaster, Humphrey-Zeiss) and 

autorefractometry (Automatic Refractor Model 597, Humphrey-Zeiss) were also 

obtained in each session.  Table VII.1 provides pre- and post-operative values of the 

eyes under test. Some of these patients were also available before surgery. We measured 

total aberrations in 6 eyes of these eyes and corneal aberrations in 2 of these eyes before 

surgery. Post-operative corneal aberrations were also measured in an eye (# 16), not 

available for total aberration measurements.  
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All the surgeries were performed by the same surgeon using a phacoemulsification 

technique, with a 4.1 mm superior corneal incision (except for #16, having a 3-mm 

superior limbal incision) using a calibrated blade. No posterior suture was necessary. 

The implanted IOLs were 5.5-mm monofocal foldable lenses, with powers ranging from 

0 to 26 D (mean 19.43 D). Table 1 shows the corresponding power for each subject. 

Four equivalent IOLs (0 D, 12 D, 16 D, and 23 D) were measured in an optical bench, 

with the laser ray tracing technique, as described above.     

Comparisons of total and corneal aberrations were also made with respect to a group 

of nearly emmetropic (<4 D) and young (29±3.7) eyes, available from previous studies 

using the same instruments.  

The study followed the tenets of the Declaration of Helsinki. Subjects were 

appropriately informed about the nature of the study and signed an informed consent 

form approved by the Institutional Ethical Committees. 
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�
7DEOH�9,,��� Refraction, axial length, anterior chamber depth and age of the eyes measured in the study. 
Refractive power (Dp) of the IOL implanted is also shown.   �

���5HVXOWV�
 
$��,Q�YLYR�PHDVXUHPHQWV�
Figure VII.2(a) shows post-operative total, corneal and internal wave aberration 

maps in all eyes measured. Tilts and defocus have been cancelled. For each eye the 

same gray scale has been used for all three maps, but changed across subjects. All 

internal wave aberration maps (excluding also astigmatism) with the same scale are 

represented in Figure VII.2(b). Contours are plotted at 1 µm intervals in all maps. 

A great inter-eye variability is observed. In some eyes (i.e. #9, 10), the aberrations of 

the IOL seem to contribute more than those of the cornea to total wave aberration, while 

in other eyes (i.e. eye #8), the aberrations of the cornea dominate. In the rest of eyes 
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both, corneal, and IOL contribute significantly. Peak to valley range from ����P� LQ�
most internal 3rd and higher other aberration patterns (see Figure VII.2( b)), indicating 

an important contribution of IOL aberrations LQ�YLYR.   

 

 

 
)LJXUH�9,,������D� Wave aberration patterns (without tilts and defocus) of nine post-cataract surgery 

eyes, measured LQ� YLYR, for total aberrations (first column), corneal aberrations (middle column) and 
internal aberrations (third column). Contour lines are plotted every 1 µm. The gray scale bar represents 
wave aberration heights in micrometers. The same scale was used for all eyes. Diameters were 5 mm. �E��
Internal wave aberration patterns (excluding also astigmatism) for all eyes, plotted in a common scale.  
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 Figure VII.3 shows changes in corneal RMS, for the three eyes measured before and 

after surgery. 3rd & higher order aberrations increase in all 3 eyes, particularly in eye 

#16. Astigmatism increases in eyes # 14, 16, but not in eye# 8 that decreases from 1.18 

to 0.17 D.  

Figure VII.4 compares mean 3rd & higher order RMS in pseudophakic eyes with 

respect to the group of 6 pre-operative eyes (mean age: 70±10.55 year) and a  group of 

14 young nearly emmetropic eyes (mean age: 29±3.7 years).  

The amount of aberrations after cataract surgery (RMS= 0.62±0.18 µm), is not 

significantly different (p=0.93) than in old eyes prior to cataract surgery (RMS= 

0.61±0.24 µm), and it is 3.02 times higher than in young eyes. Post-operative corneal 

aberrations are slightly worst (RMS= 0.54±0.27 µm), but not statistically significant 

(p=0.24), than the pre-operative values (RMS= 0.41±0.08 µm), and significantly worst 

(p=0.0003) than in young eyes (RMS= 0.23±0.1 µm).  

 

 

 
)LJXUH�9,,��� Corneal root mean square (RMS) wave aberration for 3rd and higher order aberrations, 

preoperative (light gray bars) and postoperative (black bars) for eyes #8, 14, and 16. 
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)LJXUH� 9,,���� Average total, corneal and internal RMSs (3rd and higher order aberrations) for 

preoperative (ligth gray bars), postoperative (black bars) and young eyes (dark gray bars). Error bars stand 
for standard deviation. 

 

The aberrations of our pre-operative group are similar to aberrations of healthy eyes 

of the same age group reported in previous studies (RMS = 0.7µm from Artal et al36, 6 

mm pupil, and RMS=1.1 µm from Mclellan et al.26, 7.32 mm pupil, for total 

aberrations) and (RMS=0.5 µm from Artal et al.36, 6 mm pupil, for corneal aberrations). 

Therefore this comparison could be extrapolated to a wider population.  

 

%��,Q�YLWUR�PHDVXUHPHQWV�
The IOL wave aberrations of the four IOLs measured LQ�YLWUR are shown in Figure 

VII.5, excluding tilts and defocus. They are all represented in the same scale.  

 

 
)LJXUH�9,,����Wave aberration patterns (3th and higher order aberrations) of IOLs measured LQ�YLWUR, 

using the eye cell model depicted in Fig. 1 and the laser ray tracing technique. 
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As for measurements LQ� YLYR, the amount of aberrations is significantly different 

from zero. The mean RMS of IOLs (excluding tilt and defocus) is 0.49±0.23 µm (as 

opposed to 0.47±0.3 µm for young lenses), while the RMS for 3rd and higher order 

aberrations is 0.34±0.01 µm, slightly larger than in young lenses (0.25±0.15 µm). This 

means that higher amount of astigmatism is found in natural crystalline lenses than in 

the IOLs measured LQ�YLWUR, but the IOLs show higher amount of 3rd and higher order 

aberrations.  

�
&��&RPSDULVRQ�LQ�YLYR��LQ�YLWUR�PHDVXUHPHQWV�DQG�HVWLPDWLRQV�IURP�VLPXODWLRQV�
Figure VII.6 shows comparative values of different RMS values for measurements 

of IOL LQ�YLYR and LQ�YLWUR. Third and higher order RMS is significantly greater (2.48 

times) measured LQ�YLYR than LQ�YLWUR (p=0.015). 

Fourth & higher RMS is not significantly different (p=0.35) between both types of 

measurements. The main contribution to aberrations measured LQ�YLWUR comes from 4th 

and higher order aberrations, while the main contribution LQ�YLYR comes from 3rd order 

aberrations. Also, there is a larger variability LQ�YLYR (0.24 µm) than LQ�YLWUR (0.09 µm) 

across IOL measurements. 

 

   

 
)LJXUH�9,,����Comparison of average LQ�YLYR IOL (black bars) and LQ�YLWUR IOL RMS (gray bars), for 

3rd and higher order, 3rd order, 4th and higher order and astigmatism. 
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Figure VII.7 (a) shows the spherical aberration (Z4
0) of the IOL from LQ�YLYR and LQ�

YLWUR measurements and from simulations as a function of IOL power. 

There is an increase towards more positive values of spherical aberration with IOL 

power. The trend is similar in all type of measures indicating that the largest 

contribution to this effect is associated to the IOL. Except for 0 D (and one exceptional 

measurement LQ�YLYR) all values of spherical aberration are positive: 0.17±0.12 µm for LQ�
YLYR measurements, 0.07±0.02 µm for LQ� YLWUR measurements and 0.11±0.06 µm for 

simulations). The spherical aberration of the natural crystalline lens in our young group 

is –0.01±0.09 µm.  

Simulations of IOL aberrations on-axis only produced spherical aberration, due to 

the symmetry of revolution of the design. Simulated tilts and decentrations of the lenses 

produced coma and astigmatism, and are discussed in the next section.  

Figure VII.7 (b) compares total spherical aberration measured with laser ray tracing 

technique LQ�YLYR and simulations using eye models.  These models include individual 

data of anterior corneal elevation, anterior chamber depth, and IOL design. There is a 

good agreement between experimental measurements and simulations from custom eye 

models, except for one lens (14 D).     

 

 
)LJXUH�9,,���� �D���Spherical aberration (Z4

0) of the IOLs as a function of IOL power, from LQ�YLYR 
measurements (diamonds), LQ� YLWUR measurements (circles), and from simulations (squares). � �E���Total 
spherical aberration (Z4

0), from  LQ�YLYR experimental measurements (black bars), and simulations (gray 
bars) using ocular individual parameters (corneal topography, lens position, axial length) and the 
corresponding IOL parameters. 
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���'LVFXVVLRQ�
 

$��/LPLWDWLRQV�RI�WKH�PHDVXUHPHQWV�
The laser ray tracing technique proved very efficient to measure aberrations in 

elderly patients after surgery, and even before surgery in some patients.  The fact that in 

this technique the aerial images are captured sequentially, and that a large area of the 

CCD is available for each image, allows more optical degradation (caused by 

aberrations or scattering) than other conventional techniques such as Shack-Hartmann. 

Aerial retinal images through cataracts were typically more spread and noisy than in 

normal eyes, due to increase in intraocular opacity and scattering37. In several cases the 

spot diagram (set of centroids computed from the aerial images) showed rather 

inhomogeneous patterns, probably due to large deviations of the rays produced by local 

lens opacities. We checked the continuity of the spot diagrams by comparing the 

experimental spot diagram with that derived from the computed wave aberration. Four 

eyes out of the 10 measured before cataract surgery were excluded because the lack of 

correspondence of computed and simulated spot diagrams. Aerial retinal images from 

post-operative eyes typically showed larger halos than in normal eyes.  This is probably 

due to higher reflectivity of the IOL surfaces38, caused by their higher index of 

refraction (1.55, YHUVXV less than 1.39539 in the natural lens). Centration and stability of 

subjects head during measurement was also typically poorer in elderly patients than in 

normal young subjects. As a result of the above, the measurement variability was 

slightly larger in these measurements, than in previous studies in young subjects. 

Zernike coefficient standard deviation (averaged across terms) was 0.1±0.03 µm and 

0.18±0.19 µm pre- and post-operative respectively, while for the young reference group 

the standard deviation was 0.05±0.02 µm. 

�
%��6RXUFHV�RI�DEHUUDWLRQV�DIWHU�FDWDUDFW�VXUJHU\�

���&RUQHDO�DEHUUDWLRQV��
Our analysis of pre- and post-operative corneal aberrations is limited to three eyes, 

and therefore does not have sufficient statistical power. However, all three corneas show 

an increase in 3rd and higher order RMS: 0.07, 0.06 and 0.26 µm in eyes #8, 14, 16 

respectively. It has been reported that, although to a much lesser extent than in previous 
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techniques requiring a suture, the small incision in phacoemulsification induces slight 

changes in astigmatism. Our results suggest that higher order aberrations are also 

modified and tend to increase (Figure VII.3). The incision was performed in the vertical 

meridian, and superior in all eyes of this study. Incision on the steepest meridian has 

been reported to produce a relaxation of this meridian, therefore avoiding post-operative 

astigmatism, for pre-operative astigmatism of 0.5 D or higher40. Pre-operative corneal 

astigmatic axis was against the rule (2.3º and 172.1º) in eyes # 14,16 respectively. In 

these eyes the incision is produced in the flattest meridian, instead of the steepest, which 

results in an increase of astigmatism. Pre-operative astigmatism was with the rule 

(88.6º) in eye#8, and as expected, astigmatism decreases after surgery.  

�
���$EHUUDWLRQV�RI�WKH�,2/���
Measurements LQ�YLYR and LQ�YLWUR show that positive spherical aberration is present 

in IOLs. The spherical aberration increases with the IOL power. Comparison with 

computer simulations show that the spherical design of the IOL surfaces results in the 

observed positive spherical aberration. These results agree with previous predictions by 

Atchison et al7. Fifth and higher order terms are present in both LQ� YLYR and LQ� YLWUR 

measurements, but not in results from computer simulations (based on IOLs with purely 

spherical surfaces). �
�
��,2/¶V�7LOW�DQG��GHFHQWUDWLRQ��
Except for the spherical aberration , the LQ�YLYR IOL aberrations are higher in most 

terms (particularly  3rd order aberrations) than the equivalent measures LQ�YLWUR.  

There are several studies in the literature reporting tilts and decentrations of different 

types of pseudophakic IOLs, based on measurements using Purkinje images or 

Scheimpflug lamp biomicroscopy. Using Purkinje images, Philips et al38 reported 

average tilt values of 7.8 deg and 0.7 mm in decentration38. Mutlu et al41 reported lower 

values: mean tilt of 2.83 deg and mean decentration of  0.28 mm. Jung et al.42 reported 

tilts of up to 3.01 deg (mean tilts of 2.35 deg) measured using a Scheimpflug lamp.  

Our study has not directly measured the tilts and decentration of IOLs LQ�YLYR. Using 

the eye cell model and computer simulations, we evaluated the effect of plausible IOL 

tilts and decentrations on the aberration pattern.  Figure VII.8 (a) shows results of RMS 
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(for 3rd and higher order aberrations) for an IOL of 16 D, for centered, and tilted 

positions of 4 and –4 deg respectively. Tilts were achieved by physically rotating the 

lens using a micrometer stage within the cell, or computationally rotating the lens 

around the horizontal axis.  

Third order RMS increase on average by 0.15 µm with respect to the centered 

position for a tilt of 4 deg, comparable to results from the simulations (0.10 mm) (see 

Figure VII.8 (a).  Results from simulations show that 3rd order RMS increases linearly 

with IOL decentration, by 0.045 µm for 0.5-mm decentration. (Figure VII.8 (b)). 

Combined tilt and decentration are most likely present in real eyes. No particular trend 

has been reported in the literature for the direction of decentration38, 43. Tilts seem more 

predominant along the horizontal or vertical axis38.  We tested the effect of various tilts, 

for a certain amount of decentration (0.5 mm), Fig. 8 c, the effects of various amounts of 

decentrations for a given tilt, Figure VII.8 d). Our simulations show that some specific 

combinations of tilt and decentration may counteract the induction of 3rd order 

aberrations, while other combinations add up the effect (Figure VII.8 b) and c)), 

indicating that the correlation between tilts/decentrations and 3rd order aberrations 

present in real eyes implanted with IOLs can be complex. Experimental measurements 

of tilts and decentrations in each individual eye are necessary to quantify their actual 

impact on 3rd order aberrations measured in each eye. 
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)LJXUH�9,,�����D���Changes in IOL RMS (3rd order) as a function of tilt from LQ�YLWUR measurements 

(empty diamonds) and from simulations (filled circles). �E���Simulated IOL 3rd order RMS as a function 
of lens decentration. �F���Simulated IOL’s 3rd order RMS as a function of lens horizontal and vertical tilts, 
for or a fixed simulated 0.5 mm IOL horizontal decentration �G���Simulated IOL’s 3rd order RMS as a 
function of horizontal and vertical decentrations of the IOL, for a fixed simulated 2 deg IOL tilt 
(horizontal axis). 

 

���/DFN�RI�EDODQFH�FRUQHDO�LQWHUQDO�DEHUUDWLRQV���
This increase of the total aberrations with age in our study is in agreement with some 

works reported previously in the literature26. This can be due to two factors:  1) The 

increase of corneal and lenticular aberrations. The old/young RMS ratio is 2.04 for 

internal aberrations and 1.75 for corneal aberrations; 2) A certain degree of loss of 

balance between corneal and internal aberrations (as found by Artal et al36).  Total RMS 

in young eyes is lower that corneal RMS, while in old eyes total RMS is 1.48 higher 

than corneal RMS.  

It seems widely accepted that the natural crystalline lens corrects to some extent the 

aberrations of the cornea, particularly the spherical aberration. Artal et al.12, 36 suggested 

that this balance was disrupted with aging. A reasonable explanation is that with aging, 

the spherical aberration of the crystalline lens shifts toward more positive values, as 
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reported by LQ�YLYR±V²  and LQ�YLWUR studies44. Our data show that the spherical aberration 

of the IOL is positive, as opposed to negative in young eyes (Figure VII.7(a) and Figure 

VII.9). It is then expected that, as found in old natural eyes, a lack of balance between 

corneal and internal spherical aberration is also responsible for the increased RMS in 

pseudophakic eyes with respect to young eyes.   

Using RMS ratios is not an optimal way to evaluate the degree of corneal-to-internal 

balance, because the RMS does not take into account the coefficient sign and multiple 

cross-terms prevent from a direct analysis. Instead, we performed a term by term 

analysis and evaluated, for each term, the amount of corneal correction by the 

crystalline lens and YLFHYHUVD. For each eye, we defined a series of 37 compensation 

values (corresponding to the 37 Zernike coefficients). Compensation values (&9L) were 

defined as &9L=sign(Ccorneai/Cinternali)*min(Ccorneai,Cinternali).  The rationale for this 

definition is as follows: The first term (sign of cornea/internal ratio) indicates presence 

(if negative) or absence (if positive) of compensation. If both corneal and internal 

coefficients have different sign, then some compensation occurs, while if they both have 

the same sign (positive term) they will add up. The second term is indicative of the 

amount of compensation.  The minimum value between Ccorneai and Cinternali   represents 

the amount of aberration subtracted from the aberration of the dominant component  (if 

sign is different for Ccorneai and Cinternali ) or the amount that adds up (if both have the 

same sign  for Ccorneai and Cinternali ).  Therefore, a high term value with a negative sign is 

indicative of a high degree of compensation between ocular components, while a high 

term with a positive value is indicative of an addition of the aberrations. We found a 

slight loss of balance of 3rd order terms with age (average &9L  -0.079 for young, and -

0.049 µm for old eyes, respectively) but no significant difference with between young 

and post-operative eyes  (–0.087 µm).  Compensation values for astigmatism and 

spherical aberration show important differences. Average &9L for astigmatism is -0.178 

µm in young eyes, on average, while for old and post-operative eyes it shows positive 

values (0.040  and 0.045  µm, respectively) indicating a lack of compensation. For 

spherical aberration, we found negative values for young eyes (–0.025 µm), indicating 

compensation, and positive values in old and post-operative eyes (0.007 and 0.03 µm, 

respectively). Figure VII.9 shows total, corneal and internal spherical values (Z4
0) for 

young, pre-operative and post-operative eyes. 
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)LJXUH� 9,,��� Total (black bars), corneal (dark grey bars) and internal (light grey bars) spherical 
aberration (Z4

0) for young, pre-operative and post-operative eyes.   

�
&��0RGXODWLRQ�7UDQVIHU�)XQFWLRQV��LQ�YLYR�DQG�LQ�YLWUR�PHDVXUHPHQWV�
All previous LQ�YLYR data of optical quality after cataract surgery were obtained using 

a double-pass technique10-12, which can only provide the MTF. Most LQ� YLWUR 

assessments of the optical quality of IOLs are based on MTF measurements2-4. We 

computed MTFs from the measured wave aberrations LQ�YLYR (total and IOL MTF), and  

LQ�YLWUR and simulated wave aberrations (IOL MTF).   

In Figure VII.10 we compare total average MTF of the group of young and post-

operative eyes, with previous LQ� YLYR data reported in literature using double-pass 

techniques.  
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)LJXUH�9,,�����Average MTF (radial profile), computed from the wave aberrations, for the young 
and postoperative group in comparison to double-pass MTF measurements from previous studies by Artal 
et al (1995) and Guirao et al (2002). Pupil diameter= 4 mm. 

 

These previous studies measured a group of patients implanted with monofocal 

PMMA IOLs after extracapsular cataract extraction12, and a group with monofocal IOLs 

(FORMFLEX II, IOLAB)11, respectively. The MTF is substantially higher for young 

eyes than any post-operative measurement, for the entire spatial frequency range. 

Differences between post-operative data from our study and other groups’ are smaller 

than with respect to data in young eyes, despite the different surgical techniques and 

IOLs. However, our LQ� YLYR MTFs are significantly higher, particularly for high 

frequencies, than those measured previously. The fact that the surgical technique is less 

invasive (minimizing the impact of the incision) and possible differences across the 

different type of lenses can be potential reasons for the improvement. In addition 

double-pass MTFs have been found to be consistently lower than MTFs estimated from 

wave aberrations, because they are affected by scattering and higher order aberrations 

non measured by aberrometers. This may be also a cause for the discrepancy. The 

potential influence of retinal scattering in double-pass measurements in older eyes has 
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never been studied, and therefore we cannot quantify its relative contribution to the 

difference. 

Figure VII.11 shows the MTFs due only to internal aberrations. The optical quality 

of young lenses appears to be clearly better than IOLs for all frequencies.   

Figure 12 compares MTFs of the IOL from LQ�YLWUR measurements with previous LQ�
YLWUR measurements on acrylic IOLs45and polymethyl methacrylate (PMMA) IOLs4. 

MTFs from computer ray tracing simulations on the IOLs from our study are also 

included. For a proper comparison with earlier works, we recalculated the MTF for 3-

mm diameter aperture. Comparing our LQ�YLYR measurements with those of Oshika et al45 

and  Norrby et al4 we found no significant differences except for the higher spatial 

frequencies beyond 35 c/deg. The MTF predicted from the optical design of the IOLs of 

this study is significantly higher than other measurements (except for frequencies 

beyond 40 c/deg, where PMMA LQ� YLWUR measurements show slightly higher values). 

The fact that there is a consistent discrepancy between predictions and measurements on 

the optical bench may be indicative of some differences between theoretical designs and 

final lens manufacturing and experimental handling. 

 

)LJXUH�9,,�����Average MTF (radial profile), computed from the wave aberration, for a group of 
young crystalline lenses and IOLs, both measured LQ�YLYR. Pupil diameter= 5 mm. Error bars stand for 
standard deviation across eyes. 
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�
)LJXUH� 9,,����� Average MTF (radial profile), computed from the wave aberration, for LQ� YLWUR 

measurements and simulations from this study, and LQ�YLWUR MTF measurements by  Oshika et al (1996) 
and Norrby et al (1998). Pupil diameter= 3 mm. Error bars stand for standard deviation of the in vitro 
measurements across eyes. �

���&RQFOXVLRQV�
�
1. We have measured, for the first time, the aberrations of IOLs LQ�YLYR.  

2. Previous LQ�YLYR data were limited to MTFs, measured by double pass techniques. 

The use of corneal and total wave aberrations allowed us to estimate the sources of 

degradation of optical quality in eyes after cataract surgery. 

3. Optical quality after cataract surgery is significantly lower in pseudophakic eyes 

(RMS for 3rd and higher order terms 0.62±0.18 µm)  than in young eyes (0.2±0.04 µm). 

The amount of aberrations in pseudophakic eyes is similar to phakic eyes of the same 

age group. These conclusions are based on a small data set, but show a very consistent 

trend are highly statistically significant. 

4. From measurements of spherical IOLs LQ�YLYR, LQ�YLWUR and computer simulations 

we conclude that the spherical aberration of the IOL (which is positive, and increases 
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with IOL power) is a source of optical degradation. As opposed to young eyes, there is 

no balance of corneal and internal spherical aberrations and atigmatism. 

5. IOL’s 3rd order aberrations measured LQ�YLYR are much higher (0.4±0.18 µm) than 

LQ�YLWUR (0.16±0.04 µm). IOL tilts and decentrations could be responsible for this further 

decrease in optical quality. 

6. IOL optical quality (measured both LQ�YLYR and LQ�YLWUR� is lower than predicted 

from simulations, possibly indicating some discrepancies from the theoretical design. 

7. Laser Ray Tracing and Corneal Topography are useful techniques to understand 

the optical changes induced by cataract surgery. These measurements allow to validate 

predictions of optical quality with IOLs using individual eye models, and to explore 

possible new designs. 

�
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5(680(1�
�

2%-(7,926��Desarrollo y estudio de una técnica no destructiva, LQ�YLWUR��para medir 

la estructura de gradiente de índice (GRIN) presente en el cristalino. La técnica esta 

basada en un montaje experimental óptico basado en el registro de la deflexión de la luz 

y la aplicación de algoritmos de optimización global. Las posibilidades y precisión de la 

técnica se han estudiado usando como calibración una lente de GRIN conocido. 

0e72'26��El montaje experimental esta compuesto de un scanner, dos cámaras CCD 

y un contenedor para la lente. Un haz de 0.5 mm de diámetro es escaneado paralelo al 

eje óptico por diferentes posiciones sobre la lente y los rayos refractados son registrados 

por las cámaras. Las pendientes de las trayectorias de los rayos refractados son los datos 

experimentales usados por el algoritmo de optimización. El algoritmo de optimización 

usa métodos de búsqueda globales, implementados en un programa de diseño óptico 

(Zemax). A partir de un modelo a priori de la estructura GRIN, el algoritmo de 

optimización busca la solución que mejor se ajusta a los datos experimentales. El 

procedimiento completo se ha evaluado en una lente comercial (GBX-25-40, 

GRADIUM., LightPath Technologies) con un perfil de GRIN conocido descrito por un 

polinomio de 11th orden. Asimismo se estudio como el nivel de  precisión se propaga al 

análisis óptico de la lente en términos de aberración de onda.     

5(68/7$'26��La precisión “teórica” de la técnica, esto es sin presencia de errores 

experimentales, en la reconstrucción del GRIN esta limitada por un error absoluto 

medio de 0.0024±0.0022 respecto del valor nominal del GRIN. Con los datos 

experimentales reales el error se incrementa hasta 0.041±0.017. Estos errores se 

manifiestan en los coeficientes de la aberración de onda con unas diferencias de 0.00021 

µm, sin tener en cuenta los errores experimentales, y 0.014621 µm teniéndolos en 

cuenta. �&21&/86,21(6��En ausencia de errores experimentales, los algoritmos de 

optimización global son lo suficientemente robustos incluso en modelos con un número 

elevado de parámetros. Sin embargo con los datos experimentales los errores en la 

reconstrucción del GRIN se incrementan significativamente debido a la naturaleza LOO�
FRQGLWLRQHG de la optimización. Para una futura implementación de la presente técnica 

en cristalinos reales, se deberá reducir los errores experimentales y usar modelos 

realistas de la estructura GRIN en el cristalino. 



��������� 	�
����������� ������������� � ��� ����� � ���! �� 
"��� 	$#%� 	& '� ��� �(�'��#)
$�*�+�",-��#)
"�(.)� 	��)�)� ��.�	*/0� ��1�
 ,� 2� �)� � � ��	!� 	��� 

 156 

    

$%675$&7�
 

385326(�� To study the use of an LQ� YLWUR non-destructive technique based on an 

optical experimental set up with ray refracted recording and use of global optimization 

algorithms to evaluate the gradient index structure presented in crystalline lens. The 

possibilities and accuracy of the technique is studied by evaluating the reconstruction of 

the GRIN distribution of a glass lens with known GRIN profile. 0(7+2'6�� The 

experimental method uses a laser scanning system, two CCD cameras, and a glass 

chamber in which the lens is placed. A 0.5 mm diameter laser beam is scanned parallel 

to the optical axis at multiple different positions over the lens, and the refracted rays 

trajectories are recorded by the cameras. The measured slopes of the ray trajectories are 

the experimental data used for the optimization procedure. This procedure uses global 

search optimization routines, implemented in an optical design program (Zemax). The 

method starts with a priori assumptions about the GRIN model and uses the 

experimental data to find the best solution for the unknown GRIN distribution. The 

global procedure was tested on a commercial gradient index lens (GBX-25-40, 

GRADIUM., LightPath Technologies) with a known GRIN profile described by an 11th 

order polynomial. The effect of the accuracy in the GRIN reconstruction on the optical 

evaluation in terms of wave aberration analysis was evaluated. 5(68/76��  The 

theoretical accuracy of the optimization routine on the GRIN profile reconstruction, 

excluding experimental error, is limited by a mean absolute error of 0.0024±0.0022 

with respect the nominal profile. However the error increases, for the real experimental 

data, to 0.041±0.017. These errors result in a mean standard deviation error of the 

coefficients of the wave aberration of 0.00021 µm and 0.014621 µm with and without 

experimental error respectively. &21&/86,216�� Global optimization is a robust 

procedure with models involving a large number of parameters in the absence of 

experimental errors. However with real experimental data, the error in the 

reconstruction increases significantly due to the LOO�FRQGLWLRQHG nature of the 

optimization. Practical implementation of this technique in a real crystalline lens will 

require a significant reduction of experimental errors and realistic assumptions of the 

actual GRIN distribution.�
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���,QWURGXFWLRQ�
�
In previous chapters it has been shown how combined measurements of corneal and 

total aberrations provide an estimation of the contribution of internal optics in different 

situations. By internal optics we referred to the contribution of the posterior corneal 

surface and, predominantly the crystalline lens. The crystalline lens is composed of an 

external epithelial layer and a nucleus and cortex made of fibre layers (fibre cells which 

have lost their nuclei) all within an elastic capsule. The nucleus and cortex have a non-

uniform gradient index structure. Thus, to understand the sources of aberrations found 

in crystalline lens it is not only necessary to estimate the shape of the anterior and 

posterior lens surfaces, but also to evaluate its gradient index structure. �
�

����7KH�FU\VWDOOLQH�OHQV�DV�D�JUDGLHQW�LQGH[�VWUXFWXUH��
�

The crystalline lens optical properties are determined by the knowledge of the lens 

surface shape and the refractive index distribution, which is usually referred to as the 

gradient index or GRIN (GRadient INdex). Equivalent refractive index, a single value 

representing the overall contribution of the refractive index, has been used as a 

simplification for understanding overall refracting power of the crystalline lens. It is 

also useful to determine the importance of the GRIN structure by means of direct 

comparison with the same lens with an equivalent refractive index. It has been pointed 

out that in vertebrate, and specifically human crystalline lenses, a GRIN with refractive 

index higher in the nucleus than in the periphery, plays an important role in balancing 

the positive spherical aberration1. A GRIN also reduces the index difference between 

the lens surface and the humours surrounding the lens, thus reducing scattering and 

reflecting effects in lens surfaces2.  Knowledge of the structure of the GRINs is essential 

to understand the role of the crystalline in the imaging properties of the eye, as well as 

to understand basic optical properties of the eye, such as in accommodation or 

presbyopia. Further, refractive index is closely related to distribution of proteins3 and so 

understanding the GRIN structure of a lens may help to understand the relationship 
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between the optical properties and biochemistry of the lens. 

The modelling of the refractive index of the lens should represent the real refractive 

properties as close as possible to the real physiology. Ideally this is achieved by the 

knowledge of a scalar field:  u(x,y,z) that represents values of refractive index  for the 

different spatial coordinates (x,y,z). Because of the complex physiological structure of 

the lens, u(x,y,z) can not be evaluated by a simple analytical function. Therefore some 

approximations must be used in order to represent u(x,y,z) with enough precision but 

with a manageable number of parameters, that allow to perform some basic calculations 

such as those can be achieved with ray tracing algorithms. 

 Current models for the GRIN, u(x,y,z), are either too general, as general series 

expansion with the only restriction of rotational symmetry about the optical axis or too 

simplified as bi-elliptical models4. The first type of models requires a large amount of 

parameters while the second type requires only few number.      

�
����*5,1�PHDVXUHPHQW��
�

Different techniques have been used to retrieve information on the GRIN in 

vertebrate lenses. All of them can be divided in two main type, destructive, i.e. those in 

which the lens is bisected and non-destructive, i.e. those in which the intact lens is 

considered. Destructive techniques include evaluating slices with conventional 

refractometers5, interferometric techniques6, or by linking protein concentration with 

refractive index by microradiography7. Non-destructive techniques include using 

tomography techniques, such as in vitro nuclear magnetic resonance (NMR) micro-

imaging8 (assuming linear relation between protein concentration and index of 

refraction) or techniques using information of the optical path of light as it passes 

through the lens (deflection tomography). Some tomography approaches use regression 

techniques in fitting to a known model of the GRIN information on either spherical 

aberration in emmetropic eyes9 or  lens optical power10. However, the most typical 

methods use information of laser beam deflection traversing the lens recorded in vivo 

by Scheimpflug images11 or in vitro12-14. 

�
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����*RDOV�RI�WKH�SUHVHQW�ZRUN�
 

In this work we present a tomography method based on global optimization and we 

test the possibilities and the theoretical accuracy of the methodology to be used in 

retrieving complex GRIN profiles such as the GRIN of the human crystalline lens. For 

this purpose we test the technique in a commercial glass lens where the GRIN profile is 

known. In addition we show how the error in the GRIN reconstruction is propagated in 

the estimation of the optical properties of the lens in terms of its wave aberration.     

��
���0HWKRGV�

 

We consider a tomography technique which involves digitization of laser beams 

passing through multiple selected planes of the lens. This is based on measurements of 

the deflection of laser ray beams traversing lenses in vitro. It uses an iterative regression 

with a previous assumed function for the GRIN, that combines local damped least 

squares routines with global search strategies based on genetic algorithms.  We test the 

accuracy of this approach by using a commercial glass GRIN lens with a known profile 

given by a tenth order power series polynomial.  

�
����7KHRUHWLFDO�EDFNJURXQG�
�

�3K\VLFV�RI�WKH�WRPRJUDSK\�WHFKQLTXH�
Figure VIII.1 represents the ray paths of a series of parallel laser rays passing into a 

bi-convex lens. 

In geometrical optics the incoming set of parallel laser rays is described by a 

constant plano wavefront, with the relationship between ray directions ( U ) and 

wavefront (: ) being determined by the eikonal equation: 

 �����������Q U : �  

where n is the refractive index 
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)LJXUH�9,,,����Geometrical optics representation of experimental ray tracing through a bi-convex lens.       
Wi represents the incoming wavefront and Wf  the outgoing wavefront.   

 

If A is a point of the incoming wavefront that intersects the lens at the point B, 

travels trough the GRIN lens by a path BC, given by Fermat’s principle, then the ray 

vector at C is obtained by knowing the wave-front and using equation (1). 

 

 

The wavefront is determined by the optical path and starting at point A the 

wavefront at C is given by optical path length between A and C: 

 � � ��������������
3

4 5: $% Q X V GV � ³ �
where s is the parametric variable of the curve described by the ray inside the lens 

and u(s) is the refractive index as a function of s. 

In two dimensions, equation (1) is expressed as: 

FRV� ���������������: Q] D
w  w  

ZKHUH� �LV�WKH�VORSH�RI�WKH�UD\�LQ�WKH�RSWLFDO�D[LV�GLUHFWLRQ��7KH�VROXWLRQ�WR�����LV�D�
IXQFWLRQ�RI� �DQG�D�FRQVWDQW��EHFDXVH�LQ�WKH�GHULYDWLYH�RI�����WKH�FRQVWDQW�LV�FDQFHOOHG��

� � ��������������4: I FWHD � �
Joining (2) and (4) we have the following equation that defines the tomography 

problem: 

: 6

Q7�8�9 :<;
$ %

& : =

: 6

Q7�8�9 :<;
$ %

& : =
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Q7�8�9 :<;
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� � � �  �������������
>

? X V GV FWH I $% QD�  �³  

where the right side is obtained by from experimental measurements and the left 

side are the underlying magnitudes to be evaluate.    

Solving the problem to evaluate the GRIN structure of the crystaline lens is reduced 

to having to estimate the function X�in the integral of equation (5).  

   

0DWKHPDWLFDO�VROXWLRQ�RI�WKH�WRPRJUDSK\�WHFKQLTXH�
There are different mathematical ways to solve the tomography problem expressed 

by equation (5). A direct mathematical inversion of the integral in (5) by Fast Fourier 

Transform (FFT)15, as first used in the tomography measurement of crystalline lens 

GRIN by Campbell et al 12, has the inconvenience of requiring a mismatch of refractive 

index between the boundary of the lens and the immersed medium. Solutions for these 

restrictions were subsequently proposed, but still having the restriction of radial 

symmetry13, 16. Beliakov and Chan proposed a method to perform the reconstruction 

with no special symmetry in 2-D17 that could be extended to rotational symmetric 3-D 

reconstruction18. The complexity of the functional shape of a GRIN, which is expected 

in a biological tissue such as crystalline lens, limits the mathematical treatment of the 

inversion problem. A possible method to deal with a complex GRIN consists of direct 

regression with iterative algorithms of experimental data (e.g. slopes of the refracted 

rays leaving the crystalline lens recorded by a CCD camera). This strategy is referred to 

as a modal reconstruction because an D�SULRUL description for the function that describes 

the GRIN is required. However it has the powerful benefit of requiring no a priori 

restrictions in the type of model used and the opportunity to use different models.  

The formalism for this technique is established as follows: 

If W @  is the set of experimental measurements – in this case the refracted ray slopes-, 

X @  is the set of variables that determine the GRIN function to evaluate.  

Then a merit function $>X @ @ is constructed in a way that the variables X @ are 

evaluated by minimizing A.   

A> @
B

C CC$ X I
D

 ¦ �� � � �E EFEGEI Z Y W � �



��������� 	�
����������� ������������� � ��� ����� � ���! �� 
"��� 	$#%� 	& '� ��� �(�'��#)
$�*�+�",-��#)
"�(.)� 	��)�)� ��.�	*/0� ��1�
 ,� 2� �)� � � ��	!� 	��� 

 162 

where Y @ �are the different values that the merit function takes for the�targets�W @ H  for the 

different evaluations of X @ H �and Z @ �are individual weights that can take different values if 

errors of the experimental measurements are known. 

The problem that arises   with such a merit function, using only W @IH  is that the 

uniqueness of the solution is not guaranteed for the following reasons: 

1) the presence of the arbitrary constant in equation (5), 

2) the finite number of experimental measurements  W @ H  
3) the experimental errors in the measurements of  W@ H  
4) the complexity of the function u that defines the GRIN. The integral of 

equation in (5) can take the same value for different shapes for u, with an 

increasing number of possibilities with increasing complexity of u.    

While reason 2) could be minimized by using a large number of measurements, 

additional assistance must be found to reduce the “solution space” for $>X @ @. In 

optimization routines this is done by using constraints expressed as a function %>X @ @, to 

add to the global merit function. Finally, the optimization searches for a solution that 

minimizes >X@� �$>X@� �� %>X@� ����where � is the set of weights to the constraints 

called Lagrangian multipliers19. The success of the optimization depends strongly on the 

way in which �is constructed. $�measures the agreement between the model and the 

data. If $�alone is minimized, it could result in an oscillating and “unrealistic” solution. 

%�is called the VWDELOL]LQJ�IXQFWLRQDO�and acts based on a priori expectations of the final 

solution19.  

In the case of empirical measurements on the crystalline lens we propose the 

imposition of two constraints: 

1) We can suppose that we are able to know, within a determined range of 

measurement error, the refractive index at the lens surface. Using a reflectometric fibre 

optic sensor as described by Pierscionek20 the refractive index measurement error at the 

surface is ±0.002.    

2) Taking into account the “onion layers” structure of the crystalline lens where it is 

well known that the refractive index falls from the lens nucleus towards the periphery of 

the cortex, it is reasonable to suppose that the function that describes the GRIN is a 

continuous and monotonic function with respect to the vector position defining direction 

from the centre to the periphery of the lens.   
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����([SHULPHQWDO�PHDVXUHPHQWV�
The experimental setup has been developed in the College of Optometry (University  

of Houston), similar to a laser ray tracing technique described previously21, 22 and using 

the same principles of the laser ray tracing technique used in chapter II-VI. A 633nm 

HeNe (5 mW, 0.8 mm diameter) laser beam is scanned with two stepper motors 

controlling X-Y stage mirrors with a minimum step size of 1µm. The GRIN lens to be 

evaluated is located in a glass chamber filled with saline with a small amount of powder 

milk (~1 mg) to allow a sufficient degree of scatter of the laser rays to be observed by 

two CCD cameras, one from above and the other one from the side.   The CCD’s are ½ 

inch square of 512 x 480 pixels.  Such configuration allows two bi-dimensional scans in 

the entrance pupil of the lens. For each of the scans the top and side view images are 

obtained and processed by image processing software (Optimas Version 6.1, 

MediaCybernetics). In the image processing, two rectangular regions of interest (ROI’s) 

are selected containing the whole sample of ingoing and outgoing and incoming rays, as 

seen in figure 2. 

The set of pixels that define ray trajectories are found by finding the peak intensity 

pixel values in each of 50 vertical line profiles within each ROI. Slopes of the rays are 

then evaluated by linear regression over those 50 positions. Beam centration on the 

optical axis of the lens was assessed by determining the zero entrance ray position  

where the slopes of the entrance and exit ray are both close to zero.  

�
����2SWLPL]DWLRQ�DOJRULWKPV��

 

Once the merit function >X@� is constructed several techniques can be used to 

minimize it. These methods have been widely used by optical designers in order to 

improve optical designs from aberrations, or even to optimize GRIN structures in the 

design of progressive lenses 23.  

  

�
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)LJXUH�9,,,����$��Example of image captured by the lateral CCD camera of the experimental set-up. %��
Green boxes show the region selected for the image processing and red lines show the image profiles 
where maximum pixels values are evaluated for the ray trajectory detection. 

 

We use these algorithms implemented in an optical design program (Zemax Focus 

Software, Tucson, AZ) in order to minimize a merit function where the targets W @ �are the 

experimental slopes measured in the experimental setup described above. The 

evaluation of >X@�is performed by computing virtual ray tracing for iterative solutions 

for X��  Virtual ray tracing through a GRIN structure uses the Sharma algorithm24.  In 

optical design (specifically in ZEMAX software25) two different kinds of optimization 

algorithms are used as will be described below. 

/RFDO�2SWLPL]DWLRQ��'DPSHG�OHDVW�VTXDUHV�PHWKRG��'/6��
The most popular optimization algorithm in optical design is based on damped least 

squares method. This algorithm introduces a “damped” factor in operands of the merit 

function to assure the convergence of the solution in the least- squares routine26. This 

type of algorithm is called “local” in the sense that, being based on the evaluation of the 

local gradient of the merit function, it depends on the starting point. Therefore it finds 

the closest local minimum to that starting point. As a result the global solution is only 

guaranteed if an appropriate starting point is chosen.  

Local optimization has been used by Pozmenoraff et al9,  Al-Ahdali et al10 and 

Garner et al 14, this last using ray tracing experimental data, a polynomial GRIN model 

with four parameters, and using a conjugate directions optimization routine19.  
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The principal problem of local algorithms is that in wide solution spaces the solution 

may be trapped in a local minimum 

 

�*OREDO�RSWLPL]DWLRQ��*HQHWLF�$OJRULWKPV�
Global search methods are used in configurations with complex evaluation functions 

with complex constraints and dependencies between parameters. All these 

characteristics are present in our merit function as described above. Genetic algorithms 

(GA) are optimization techniques inspired by genetic principles. The basic idea is the 

generation of parallel and scaled random permutations of different combinations of the 

parameters values, and subsequent “survival” of the family of combinations with a 

minimum value for the merit function27. Therefore these algorithms are expected to 

avoid the problem of becoming trapped in a local minimum of local optimization. The 

use of genetic algorithms in tomography has been previously used by Kihm et al 28 to 

reconstructed density field values from interferometric projections, with promising 

potential. These techniques are widely implement in optical design programs29. We will 

use a Zemax implementation of these techniques that combines local damped least 

squares routines with genetic algorithms25.   

�
����8VH�RI�D�FRPPHUFLDO�*5,1�OHQV��

 

In order to test the accuracy and possibilities of the present methodology we tested 

the technique with a GRIN bi-convex commercial lens, GBX-25-40 (GRADIUM® 

LigthPath Technologies). This lens has a clear aperture of 22 mm, effective focal length 

40 mm, thickness of 4.6 mm and has an axial gradient index with a complex profile 

described by an eleventh order power series polynomial. The profile is shown in Figure 

3. This lens is a good test for the technique to be used with real crystalline lenses 

because the dimensions are similar, and most importantly, the profile is of sufficiently 

high complexity and number of parameters that it could represent real structures of the 

GRIN in real crystalline lens. Further, it is possible to obtain from the manufacturer the 

unique form of the eleventh order power series polynomial description of the gradient of 
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the lens. Since the profile depends only on the coordinates along the optic axis it is only 

necessary to do a 1-D laser scan in the sagittal plane. However the accuracy of the 

results can be extended to a 3-D scheme in the sense that a 2-D scan is simply 

composed of information from two identical orthogonal 1-D scans. The empirical scan 

of this lens was performed in a range of (-4, 4) mm at steps of 5 µm, i.e. using 1601 

rays.  

�
����&RQVWUXFWLRQ�RI�WKH�PHULW�IXQFWLRQ�ZLWK�D�FRPPHUFLDO�*5,1��

 

To construct the merit function independent of the refracted rays slopes we used two 

constraints as described in section 2.1. To ensure a monotonically decreasing constraint 

in the profile, the derivate of X should be negative for all values of the optics axis 

coordinates. This condition must be expressed algebraically to be implemented in the 

merit function. This can be done by constraining all the roots of the second derivate of X 

(extreme values in first derivate) to be negative. However finding all possible roots of 

the eleventh order polynomial could result in an extremely large number of constraints. 

In order to reduce the number of operands in the merit function (the larger number of 

operands the slower the optimization routine) we forced the first derivate to be negative 

in an equally spaced number of points in the axis coordinate: [0 0.92 1.84 2.76 3.68 4.6] 

mm. As it will be shown in the results this is enough to force the monotonic constraint.      

�
����5HOHYDQFH�RI�WKH�*5,1�UHFRQVWUXFWLRQ�LQ�RSWLFDO�HYDOXDWLRQ�

 

To quantify the significance of the error in the GRIN reconstruction an analysis 

should be done to determine how this error is propagated to the wave aberration that 

characterizes the optical quality of the lens. Further, in practice these data could be used 

in comparison with data in the literature of global wave aberration of the human eye 

with aberroscopes or aberrations of the human cornea from corneal topography. As the 

GRADIUM lens has rotational symmetry, only spherical aberration is present on axis. 

To evaluate the error propagation influence for asymmetric aberrations we have 
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evaluated wave aberration off-axis (say 10º in the saggital plane) in terms of Zernike 

polynomial expansion. �
�

���5HVXOWV�
 
����*5,1�UHFRQVWUXFWLRQ��

�
7HVWLQJ�RSWLPL]DWLRQ�URXWLQHV���
The accuracy of the optimization algorithms alone can be evaluated isolated from 

the experimental error in the empirical measurements. This is important to understand 

the maximum capabilities of the algorithm. This is accomplished by performing a 

virtual ray tracing, with Zemax, through the lens using the nominal parameters with the 

specific profile to evaluate the slopes of ray exiting the design lens. This information is 

then used as the “ experimental data” , supposing an unknown profile. Starting value for 

the parameters are chosen to give a linear profile for the GRIN in order to test the ability 

of the algorithm to reach a good solution when starting so far from the real profile. 

Figure 3 shows the nominal lens GRIN profile (black line), compared with retrieved 

with “ free error”  slope data (purple line). The mean absolute error is 0.0024±0.0022.�
��
�*5,1�UHFRQVWUXFWLRQ�IURP�H[SHULPHQWDO�GDWD�
  The profile reconstructed using the real experimental slope data is also represented 

in Figure VIII.3 (purple line), for which the mean absolute error is 0.041±0.017. 

�
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�
)LJXUH� 9,,,���� Nominal lens profile given by the manufacter (black line) in comparison with 
reconstructed profiles. The number of systems evaluated indicates the number of different combinations 
used by the optimization routine. The blue line represents the reconstructed profile using error-free 
slopes with more than 10000 systems evaluated. The red line is the same, but for more than 50000 
systems evaluated. The purple line represents the reconstructed profile using the real experimental data 
for more than 50000 systems.   

�
����([SHULPHQWDO�DFFXUDF\�

Figure VIII.4 shows the absolute errors in the slope measurements of deflected rays 

(the theoretical values from ray tracing of the manufacture data minus the scanning laser 

experimental measurements). 

It should be noted that the distribution of errors is not random. There is an increasing 

error with increasing height of the entrance ray, and slightly higher variation in values 

corresponding to rays close to optical axis. This distribution of errors reveals that the 

experimental data tends to over-estimate the theoretical values. The root-mean square 

0 1 2 3 4
1.65

1.66

1.67

1.68

1.69

1.70

1.71

1.72

1.73

1.74

]��PP�

5H
IUD

FW
LY
H
,Q
GH

[

0DQXIDFWHU SURILOH
5HFRQVWUXFWHG SURILOH �IUHH�HUURU��
VORSHV �!������V\VWHPV HYDOXDWHG�

5HFRQVWUXFWHG SURILOH �IUHH�HUURU³
VORSHV �!������V\VWHPV HYDOXDWHG�
5HFRQVWUXFWHG SURILOH H[SHULPHQWDO�
VORSHV �!������V\VWHPV HYDOXDWHG�

0 1 2 3 4
1.65

1.66

1.67

1.68

1.69

1.70

1.71

1.72

1.73

1.74

]��PP�

5H
IUD

FW
LY
H
,Q
GH

[

0 1 2 3 4
1.65

1.66

1.67

1.68

1.69

1.70

1.71

1.72

1.73

1.74

]��PP�

5H
IUD

FW
LY
H
,Q
GH

[

0DQXIDFWHU SURILOH
5HFRQVWUXFWHG SURILOH �IUHH�HUURU��
VORSHV �!������V\VWHPV HYDOXDWHG�

5HFRQVWUXFWHG SURILOH �IUHH�HUURU³
VORSHV �!������V\VWHPV HYDOXDWHG�
5HFRQVWUXFWHG SURILOH H[SHULPHQWDO�
VORSHV �!������V\VWHPV HYDOXDWHG�

0DQXIDFWHU SURILOH
5HFRQVWUXFWHG SURILOH �IUHH�HUURU��
VORSHV �!������V\VWHPV HYDOXDWHG�

5HFRQVWUXFWHG SURILOH �IUHH�HUURU³
VORSHV �!������V\VWHPV HYDOXDWHG�
5HFRQVWUXFWHG SURILOH H[SHULPHQWDO�
VORSHV �!������V\VWHPV HYDOXDWHG�

0DQXIDFWHU SURILOH
5HFRQVWUXFWHG SURILOH �IUHH�HUURU��
VORSHV �!������V\VWHPV HYDOXDWHG�

5HFRQVWUXFWHG SURILOH �IUHH�HUURU³
VORSHV �!������V\VWHPV HYDOXDWHG�
5HFRQVWUXFWHG SURILOH H[SHULPHQWDO�
VORSHV �!������V\VWHPV HYDOXDWHG�

5HFRQVWUXFWHG SURILOH �IUHH�HUURU³
VORSHV �!������V\VWHPV HYDOXDWHG�
5HFRQVWUXFWHG SURILOH H[SHULPHQWDO�
VORSHV �!������V\VWHPV HYDOXDWHG�



J�K�L�M�N O�PQ�R�R�S�T�U V�W�L�U�V�M�N X Y�X Z�L�N X V�[!\�N P"L�N O$]%X O&\'X [�N V(Y'V�])P$L*M+K"^-S�])P"L(_)X O�[)N)X [�_�O*`0X [�a�P ^�\2N L)U U X [�O!U O�[�\

 169 

error gives a global estimate of the error as being 7.231*10-4. It should be noted that the 

differences between the manufacturer lens data and the actual lens are considered 

negligible compared with the error in the slope measurements.   

�
����5HOHYDQFH�RI�WKH�*5,1�UHFRQVWUXFWLRQ�LQ�RSWLFDO�HYDOXDWLRQ�
�

Figure VIII.5 A, shows the wave aberration of the test lens (10º off-axis in the 

meridian plane) using the manufacturer profile (RMS of 0.7046 µm) and  Figure 5 B&C  

show off axis wave aberrations of the manufacture profile minus the best reconstruction 

wave aberration for the GRIN –with simulated error-free experimental data (RMS of  

0.7043 µm) and real experimental data (RMS of  0.7307 µm) respectively. These 

“ difference”  maps are referred as wave aberration residuals. 
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)LJXUH�9,,,����Absolute errors in the slope measurements of deflected rays (the theoretical values from 
manufacture data minus the experimental measurements) as function of entrance pupil height position of 
the incoming ray. �
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The mean standard deviation error of Zernike coefficients has been frequently used 

in the literature to evaluate the experimental error sets of wave aberration measurements 

in the eye. It has been reported 30 that for a RMS global wave aberration of 0.5 µm the 

average standard deviation across Zernike coefficients in individual techniques is 0.071 

µm (0.066 µm for a Hartmann-Shack sensor, 0.063 µm for a Laser ray tracing technique 

and 0.084 µm for Spatially resolved refractometer), while for corneal aberrations for a 

control eye (RMS 0.59 µm)–see chapter II-  the Zernike coefficient average standard 

deviation is 0.016 µm. 

With simulated error-free “ experimental”  data we obtained for the best 

reconstruction a mean standard deviation error of the Zernike coefficients of 0.00021 

µm. Therefore the theoretical reconstruction of the GRIN results in an error in wave-

front evaluation which is much lower than error in the experimental wavefront sensing 

techniques. However for the real experimental data the standard deviation increased to 

0.014621 µm which was much higher and a similar order of magnitude as the error 

found in experimental wavefront sensing techniques. 

It should be noted that in the GRADIUM lens we are evaluating the wave aberration 

in has an axial GRIN, and it is known that the influence on aberrations of changes in the 

GRIN structure are different for a radial GRIN 23. It is expected that the amount of error 

in wave aberration estimation in a radial or mixed GRIN could change the amount of 

the error. 

�

 

)LJXUH�9,,,�����$��The wave aberration  using the manufacturer profile. Colorbar scale from -1.5 µm to 
2 µm. %��Subtraction of the�wave aberration of the manufacter profile minus the free-error experimental 
reconstructed profile. Colorbar scale from -0.0015 µm to 0.002 µm. &�� Subtraction of the� wave 
aberration of the manufacter profile minus the real experimental reconstructed profile. Colorbar scale 
from -0.2 µm to 0.1 µm.   

�
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���'LVFXVVLRQ�
�

����6RXUFHV�DQG�LPSOLFDWLRQV�RI�H[SHULPHQWDO�HUURUV��
 

Previous works have analyzed the effect of errors in experimental deflectometry data 

on the mathematical algorithms to reconstruct GRIN profiles assuming a Gaussian 

distribution of the experimental errors 17, 31. However as it is shown in section 3.2 the 

more common situation is that experimental error is more likely to have a systematic 

rather than a random distribution, and hence the influence over the reconstruction would 

be different. Previous authors 12 fitted experimental data of refracted rays to analytic 

functions, hence smoothing raw data. This may smooth experimental dispersion errors 

but would not correct a systematic error such as an over-estimation. 

There are several factors that could explain the sources of experimental errors: 

 1) Firstly in the actual configuration we assume that differences between the lens 

design and the actual lens are negligible compared with experimental errors, although it 

appears to be a reasonable assumption considering low tolerance values of the 

manufactured lens.  

2) Errors in centration of the lens. Because the method to assess the centration uses 

the same optical set-up some degree of error it is expected. 

3) The resolution of the camera –the number of pixels used per mm- depends on the 

number of pixels of the CCD (512x480) and the magnification of the optics of the 

camera.     

4) Optics of the camera objective. The objective of the camera could introduce some 

systematic errors due to its optical aberrations. For example the general tendency in the 

over-estimation of the slopes could be produced by distortions in the focusing objective. 

There is a compromise solution between 3) and 4). On one hand, resolution 

increases by moving the GRIN lens closer to the camera. On the other hand, aberrations 

of the camera lens increase as the object is moved closer to the camera and also there is 

a decrease in the field of view and of the ray path to analyze. 
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5) Image processing techniques. Apart of image processing with Optimas as 

described in section 2.2 we developed an alternative code written in Matlab using a 

threslholding  pre-processing algorithm and using built-in “edge” functions written in 

Matlab Image Processing Toolbox (Version 3.1(R.12.1)). The maximum difference in 

the two methods of computing the slopes is 0.0005, thus implying that at least the image 

processing is not introducing a significant or systematic slope error.   

In the present work, the errors of evaluating surfaces shapes by image processing 

has not been evaluated. It would be possible to undertake this analysis to understand the 

impact of that source of error in this approach,  and it is clear that it would play a role in 

the accuracy of the final solution. This would be particularly applicable to the surface 

profiles of physiological lenses which might be expected to have asymmetries. 

�
����3RVVLELOLWLHV�RI�WKH�H[WHQVLRQ�WKURXJK�D���'�*5,1�UHFRQVWUXFWLRQ��

 

Although the present analysis has been developed for a 2-D scheme it is 

straightforward to extend it to 3-D, where ray directions are evaluated in 2-D, from each 

of the two cameras, one from above and the other from the side. 

In the empirical realization of this approach to understand the GRIN structure of a 

physiological lens, the problem of still not knowing with certainty details of the proper 

functional GRIN model for the physiological lens still remains. More complex and more 

realistic functional models for the GRIN inside the lens should be proposed from those 

actually used. Such models must be necessarily be based on data from physiological 

measurements and also should consider that two of the classical assumptions in lens 

modelling, namely iso-indical concentric surfaces and rotationally symmetry are not 

strictly valid 20. 

  

���&RQFOXVLRQV�DQG�IXWXUH�WDVNV�
 

Actual methods to reconstructed GRIN structure in the crystalline lens present some 

limitations because of the experimental procedure, in destructive techniques, and the 
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limitations in the mathematical algorithms and errors in experimental data in 

tomography methods. We have presented a variant of a tomography method showing 

global optimization to be a robust procedure even with models employing a large 

number of parameters in absence of experimental errors. However in the real case of 

using the real experimental data the error in the reconstruction increase significantly due 

to the LOO�FRQGLWLRQHG nature of the optimization in such case. In addition we have shown 

how the errors in the reconstruction of the GRIN is propagated to the estimation of the 

wave aberration of the test GRIN lens. Future prospects following this work include: 

1) Try to avoid the experimental errors in slope measurements by correcting 

the optics of the experimental set-up, in the camera objective and optimizing the 

set-up configuration. 

2) Study and evaluate he effect of surface shape measurement and its errors 

in the GRIN reconstruction. 

3) Optimize the time used by the optimization routines. 

4) Advance in the development of realistic models for the GRIN structure of 

the crystalline lens. 

The final goal is to use the present technique in the measurement of real 

crystalline lens GRIN, with a known accuracy and range of errors.   

  �   
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&RQFOXVLRQV�
�
The technology to measure corneal and total aberrations implemented and tested 

during this thesis have been applied in different studies. The results from these studies 

have led to the following conclusions: 

1) When the wave aberration is dominated by the anterior corneal surface (i.e. 

aphakic eyes or keratoconus), the total aberration is very similar to the corneal 

aberration pattern, providing a cross-validation test for these techniques.  

2) Measurements in a unilateral aphakic eye suggest a negligible contribution of the 

posterior corneal surface to the aberrations of a normal cornea (2% at most), and a 

compensatory role of the crystalline lens to the total spherical aberration in normal eyes. 

3) Ocular aberrations, particularly spherical aberration, increase significantly after 

standard LASIK surgery.  Although this change is primarily due to corneal aberrations, 

the actual change depends on the particular interactions of the cornea and lens. We 

found that 3rd and higher order total Root Mean Square (RMS) wave aberrations 

increase by a factor of 1.92, and the corresponding corneal aberrations by a factor of 

3.72. Total spherical aberration changes 0.63 µm on average, while corneal spherical 

aberration changes 0.74 µm. Our results show a slight shift of the internal spherical 

aberration toward negative values, consistent with a change in the asphericity of 

posterior corneal surface with surgery.  

4) Rigid Gas Permeable contact lenses can improve optical quality, particularly in 

subjects with a great amount of corneal aberrations, where we found up to 67% 

improvement. Measurements of corneal and total aberrations in individual eyes, allowed 

to assess the impact of corneal/internal balance in the degree of compensation, as well 

as the effects of lens flexure (or conformity) and the role played by the tear film “lens”.  

5) Old patients (average age=70.6±9) with implanted intraocular lenses have more 

degraded optical quality than young eyes (average age= 29±3.7) and do not show 

significantly less aberrations than eyes before cataract surgery. Corneal aberrations tend 
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to increase after surgery, likely due to the incision effect. Total aberrations also increase 

by a lack of balance of the spherical aberration of the corneal by the spherical aberration 

of the intraocular lens. In vivo, in vitro and computer simulations concluded that 

conventional spherical IOLs show positive spherical aberrations (0.17±0.12 µm on 

average), proportional to the IOL power. Tilts and decentrations of the IOL induce an 

increase in comatic aberrations, although the actual values for combinations of tilt and 

decentration determine largely their impact. 

 Finally, we have also studied a technique to evaluate the gradient index structure of 

the crystalline lens leading to the following conclusion: Global optimization is a robust 

procedure in the gradient index evaluation in a test GRIN lens, even with complex 

profiles with no experimental errors. When experimental data are affected by errors, the 

accuracy in the reconstruction decreases significantly. 

In summary, combined corneal and total aberrometry are useful tools for exploring 

the optical properties of the ocular components, and in particular, for quantifying the 

optical degradation imposed by corneal pathologies and different treatments, either 

surgical (i.e. corneal refractive surgery or IOL implantation) or non-surgical (i.e. RGP 

contact lenses). 

The implications and possible future directions of the work presented in this thesis 

include: 

1) Ocular components and their interactions change across individuals (and 

treatments), resulting in modifications of the corneal and total aberration pattern. The 

correlation of the optical aberrations with individual measurements of the geometrical 

and optical properties of the ocular components will result in an even more complete 

description and understanding of the imaging forming capabilities of the eye and the 

development of truly customized eye models. 

2) There are differences in the aberration pattern in myopic eyes with respect to non 

myopic eyes. A deeper study of aberrations in myopic eyes, as opposed to hyperopic 

and emmetropic eyes may provide insight into the etiology of refractive errors and some 

clues for the most appropriate correction alternative. 

3) The present thesis reports an increase of total and corneal aberrations with 

conventional LASIK surgery. The causes of the increase of the aberrations, in relation 
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to the laser ablation algorithms, laser efficiency and corneal biomechanics deserve 

further investigations. 

4) It has been demonstrated that total and corneal aberrometry allow a detailed 

evaluation of optical quality with contact lenses, opening wide applications for the 

customization of lens parameters to improve performance, both with monofocal and 

multifocal contact lenses. 

5) It has been proved that aberrometry allows to evaluate intraocular lenses in vivo, 

and predictions of optical quality with IOLs using individual eye models. Further 

studies along these lines may include the effect of tilts and decentrations of the IOLs 

measured in vivo, as well as new surgical procedures (i.e. micro-incisions) and new lens 

designs. 

6)  We have presented a technique based on global optimization to evaluate the 

gradient index structure of lenses. The future application this technique in the 

measurement of real crystalline lens GRIN presents important implications in the study 

of the mechanisms of  accommodation and presbyopia.   
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