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This chapter is based on the article by Marcos. S et al., “Balance of 

corneal horizontal coma by internal optics in eyes with intraocular 

artificial lenses: Evidence of a passive mechanism” Vision Research, In 

Press. Coauthors of the study are P. Rosales, L.Llorente, S.Barbero, I. 

Jiménez-Alfaro.  The contribution of  Patricia Rosales to the study was to 

measure tilt and decentration, angle lambda and experimental aberrations 

(together with Lourdes Llorente) in patients with intraocular lenses and 

to perform computer simulations using customized computer model eyes. 



                                              RESUMEN 
 

Objetivos:       Investigar el carácter activo o pasivo de la compensación 

del coma horizontal empleando ojos pseudofákicos, en los que un 

mecanismo activo no puede estar presente.  

Métodos:   Se midieron las aberraciones totales y corneal, inclinación y 

descentramiento de la lente intraocular en un grupo de 38 ojos 

implantados con dos tipos de lentes intraoculares diseñadas para 

compensar la aberración esférica corneal del promedio de la población, 

tanto a nivel de población como a nivel individual.  

Resultados:   Encontramos una compensación promedio del 66% para 

la aberración esférica y del 87% para el coma horizontal. La  aberración 

esférica no aparece compensada a nivel individual, pero sí el coma 

horizontal (con unos coeficientes de correlación entre la aberración 

corneal/interna: -0.946, p<0.0001). El hecho de que el coma horizontal 

corneal (no el total) está altamente correlacionado con el ángulo lambda 

(obtenido a partir del desplazamiento de la primera imagen de Purkinje 

del centro de la pupila, para fijación foveal, indica que esta 

compensación procede primordialmente de la configuración geométrica 

del ojo, que genera coma horizontal de signos opuestos en al cornea y la 

óptica interna. La cantidad y dirección de inclinación y descentramiento 

de las lentes son comparables a los encontrados en ojos jóvenes, y en 

promedio tienden a compensar (mas que incrementar) el coma 

horizontal. Las simulaciones empleando modelos de ojo con diferentes 

diseños de lentes intraoculares, muestran que, mientras no todos los 

diseños producen una compensación del coma horizontal, un amplio 

rango de diseños asféricos biconvexos pueden producir una 

compensación comparable a la encontrada en ojos jóvenes con cristalino, 

sobre un campo de visión relativamente amplio.  

 

Conclusiones:   Los resultados obtenidos sugieren que la forma de la 

lente, el gradiente de índice y la posición de la fóvea no han de estar 



sintonizados para conseguir una compensación del coma horizontal. Estos 

resultados no excluyen una sintonización en la orientación del cristalino, 

ya que la cirugía de cataratas parece preservar la posición de la cápsula. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                              ABSTRACT 
 

Purpose:  In this study we investigate the active or passive nature of 

the horizontal coma compensation using eyes with artificial lenses, 

where no active developmental process can be present.  

Methods:  We measured total and corneal aberrations, and lens tilt and 

decentration using the Purkinje imaging system in a group of 38 eyes 

implanted with two types of intraocular lenses designed to compensate 

the corneal spherical aberration of the average population, both at the 

population and individual level.   

Results:  We found that spherical aberration was compensated by 66%, 

and horizontal coma by 87% on average. The spherical aberration is not 

compensated at an individual level, but horizontal coma is compensated 

individually (coefficients of correlation corneal/internal aberration:          

-0.946, p<0.0001). The fact that corneal (but not total) horizontal coma is 

highly correlated with angle lamda (computed from the shift of the 1st 

Purkinje image from the pupil center, for foveal fixation) indicates that 

the compensation arises primarily from the geometrical configuration of 

the eye (which generates horizontal coma of opposite signs in the cornea 

and internal optics). The amount and direction of tilts and misalignments 

of the lens are comparable to those found in young eyes, and on average 

tend to compensate (rather than increase) horizontal coma. Computer 

simulations using customized model eyes and different designs of 

intraocular lenses show that, while not all designs produce a 

compensation of horizontal coma, a wide range of aspheric biconvex 

designs may produce comparable compensation to that found in young 

eyes with crystalline lenses, over a relatively large field of view. 

Conclusions:   These findings suggest that the lens shape, gradient 

index or foveal location do not need to be fine-tuned to achieve a 

compensation of horizontal coma. Our results cannot exclude a fine-



tuning for the orientation of the crystalline lens, since cataract surgery 

seems to preserve the position of the capsule.   
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1. INTRODUCTION 

 
The relative contribution of the cornea and crystalline lens to the overall ocular wave 

aberration is a relevant question in both the basic study of human eye optical quality and 

clinical ophthalmic applications. As presented in Section 4 of the Introduction, it is 

known that there are  differences in the aberrations of the ocular components and their 

interactions between different refractive groups (myopic, emmetropic and hyperopic 

eyes) due to the different geometrical properties of these eyes (Artal, Benito & 

Tabernero, 2006, Coletta, Han & Moskowitz, 2006, Llorente, Barbero, Cano, 

Dorronsoro & Marcos, 2004) as well as the fact that the structural properties of the 

crystalline lens (Dubbelman & Heijde, 2001, Glasser & Campbell, 1998), and the 

cornea to a lesser extent  (Dubbelman, Sicarn & Van der Heijde, 2006) change over 

time, leading to a significant increase of the aberrations with age (Applegate, Donnely, 

Marsack, Koenig & Pesudovs, 2007, Artal, Berrio, Guirao & Piers, 2002, Calver, Cox 

& Elliott, 1999, Mclellan, Marcos & Burns, 2001). On the other hand, refractive and 

intraocular corrections change the natural structure of the ocular components: 

corrections with contact lenses (particularly rigid gas permeable) alter the relative 

contribution of the ocular components to retinal image quality and individual 

interactions of aberrations play a role on their optical performance (Dorronsoro, 

Barbero, Llorente & Marcos, 2003); corneal refractive surgery modifies corneal shape 

and therefore corneal aberrations (Applegate & Howland, 1997, Marcos, Barbero, 

Llorente & Merayo-Lloves, 2001); and in cataract surgery the crystalline lens is 

replaced by intraocular lenses which specific design (spherical or aspheric), in 

combination with the optics of the other components of the eye (cornea), determines the 

final optical quality of the eye (Barbero, 2003, Marcos, Barbero & Jiménez-Alfaro, 

2005). 

Although the magnitude and distribution of ocular aberrations differ substantially 

across subjects, a balance of corneal aberrations by internal optics, resulting in smaller 

ocular aberrations than those of the individual ocular components appears to be a 

common trend in young eyes. Several studies have shown that the spherical aberration 

of the cornea is generally positive, while that of the crystalline lens is negative, reducing 

the total spherical aberration of the eye (Artal & Guirao, 1998, Barbero, Marcos & 

Merayo-Lloves, 2002, El Hage & Berny, 1973, Glasser & Campbell, 1999, Sivak & 

Kreuzer, 1983, Smith, Cox, Calver & Garner, 2001, Tomlinson, Hemenger & Garriott, 
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1993). More recent studies have also shown a reduction of corneal third-order coma by 

internal optics in young eyes (Artal et al., 2001, Coletta et al., 2006, Kelly, Mihashi & 

Howland, 2004). The contribution of the posterior surface of the cornea to this 

compensation seems to be practically negligible (Dubbelman, Sicam & van der Heijde, 

2007) and therefore the crystalline lens appears to be the major responsible of the effect. 

This corneal/internal balance of spherical aberration and coma has been shown to get 

disrupted in older eyes (Artal et al., 2002), presumably because of structural changes in 

the crystalline lens, producing the reported increase of aberrations with age.  

The question whether the corneal/internal compensation arises from a passive 

mechanism or through an active developmental feedback process has been debated. 

Similarly to the emmetropization process that leads ocular growth to emmetropia by 

actively adjusting eye length to the optical power of the cornea and crystalline lens, it 

has been suggested that high order aberrations may equally “emmetropize”, by tuning 

the geometry of the ocular surfaces, gradient index distribution or position to achieve 

optimal image quality. A cross-sectional study in humans from age 5 (Brunette, Bueno, 

Parent, Hamam & Simonet, 2003) and longitudinal studies in animal models (García de 

la Cera, Rodriguez & Marcos, 2006, Kisilak, Campbell, Hunter, Irving & Huang, 2006) 

show a decrease of aberrations during development. While it has been suggested that 

visual feedback cannot be excluded from playing a role in an active compensation of 

aberrations (Kisilak et al., 2006), a decrease of aberrations (coma in particular) occurs in 

chicks during the first two weeks post-hatching, even in eyes occluded with diffusers, 

and therefore with no visual feedback (García de la Cera et al., 2006), suggesting a 

passive mechanism. In fact, a simple geometrical model of the growing eye can predict 

an improvement of optical quality with age, for a constant pupil size (Howland, 2005).  

Kelly et al (Kelly et al., 2004) in a study involving 30 normal young human eyes, 

found a significant average corneal/internal compensation of horizontal/vertical 

astigmatism, spherical aberration and horizontal coma. Individually, they did not find a 

significant correlation between corneal and internal spherical aberration, what led them 

to suggest that the average compensation of spherical aberration observed was inherent 

to the geometrical properties of the cornea and the lens and was probably determined 

over the course of evolution (i.e. due to a passive mechanism). For horizontal coma, 

however, they found that the compensation occurred individually and suggested an 

active fine-tuning between the cornea and crystalline lens (i.e. by subtle tilting or 

decentering of the lens) that would reduce horizontal coma during development.  
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Artal and collegues (Artal et al., 2006) investigated specifically the compensation of 

horizontal coma in a group of 73 myopic and hyperopic young eyes. They found that, 

while corneal horizontal coma typically was larger in hyperopic eyes (showing larger 

displacements of the pupil center with respect to the corneal reflex), compensation 

occurred equally in both groups, resulting in similar amounts of ocular horizontal coma. 

They concluded that compensation resulted from the geometrical structure of the eye, 

and was primarily a passive mechanism. 

The active or passive nature of the compensation mechanism can be investigated 

using eyes with artificial lenses, which cannot be subject to an active developmental 

process. We investigated the compensation of horizontal coma in a group of patients 

that had undergone cataract surgery, with replacement of the crystalline lens by 

intraocular lenses (IOLs). The IOLs were of two different types, with aspheric anterior 

and posterior surfaces, respectively, producing negative internal spherical aberration, 

aiming at compensating the average spherical aberration of the cornea. The comparison 

of the compensation of horizontal coma in these eyes with that reported in previous 

studies in normal eyes will shed light into the nature of the compensation mechanism.  

 

2. METHODS 

2.1 Subjects  

 

A total of 38 eyes from 21 patients participated in the study. All patients had 

undergone uneventful cataract surgery (phacoemulsification with 3.2-mm superior clear 

corneal incision) at least two months before the measurements. In all cases, the 

implanted IOLs had an aspheric design producing negative internal spherical aberration. 

The IOLs were either Tecnis (Advanced Medical Optics), with aspheric anterior surface 

(Group 1, n=18) or Acrysof IQ (Alcon Research Laboratories), with aspheric posterior 

surface (Group 2, n=20). Table 1 summarizes the profile of the eyes of the study.  The 

experimental protocols were approved by Institutional Review Boards and met the 

Declaration of Helsinki. All subjects signed an Informed Consent Form after the nature 

of the study and potential consequences had been explained. 
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2.2 Corneal aberrations 
 
The anterior corneal elevation was obtained using a Placido disk videokeratoscope 

(Humphrey-Zeiss MasterVue Atlas), for a 10-mm area centered at the corneal reflex. 

Corneal elevations were exported as a grid sag surface to a computer eye model 

programmed in an optical design software (Zemax). Corneal aberrations were computed 

assuming a spherical posterior corneal surface of 6.5 mm radius, a corneal refractive 

index of 1.376, and a wavelength of 786 nm. Computations were done referred to the 

pupil center, and accounting for the misalignment between the videokeratoscopic axis 

and the line of sight, i.e, with a field angle for incoming rays accounted for by the 

displacement of the 1st Purkinje image with respect to the pupil center, assuming a 

center of rotation 15 mm behind the cornea. As a control, corneal aberrations were also 

computed assuming a lateral shift of the reference, rather than a rotation. Corneal wave 

aberrations were obtained for the maximum pupil diameter available in total wave 

aberrations in the same patients. Corneal wave aberrations were fit to 7th order Zernike 

polynomials, and the OSA standards for reporting aberrations were followed. Third 

order horizontal coma (Z3
1) and 4th order spherical aberration (Z4

0) were reported. 

Pre- and post-operative anterior corneal aberrations had already been reported on this 

group of eyes (part of a larger sample of 43 eyes), that had participated in the study on 

incision-induced corneal aberrations presented in Chapter 7 (Marcos, Rosales, Llorente 

& Jimenez-Alfaro, 2007). The corneal aberrations previously reported differ on those 

reported here in several aspects: they had been calculated using the corneal reflex as a 

 Group 1 (n=18) 

 Tecnis 

Group 2 (n=20) 

Acrysof IQ 

Age (yr) 63.77±15.20 72.07±3.27 

# males / # females 13/7 12/6 

# patients / # eyes 11/20 10/18 

# OD / # OS 11/9 9/9 

Pre-operative 

spherical error (D) -1.75±3.21 -1.41± 2.66 

Axial length 23.28 ± 0.89 23.20±0.87 

IOL power (D) 21.15±3.75 20.60±2.02 

 

           Table 9.1. Eyes’ profile 
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reference and they referred to anterior corneal aberrations assuming no posterior corneal 

surface, and a refractive index of 1.3367.  

 

2.3 Total aberrations measurements 
 

Total wave aberrations were measured using a second generation laser ray tracing 

(LRT), which was developed at the Instituto de Óptica (CSIC) in Madrid, Spain 

(Llorente et al., 2004). The  technique has been described in Chapter 1 and Chapter 8, 

and validated in several publications of the Visual Optics and Biophotonics Lab  

(Llorente, Diaz-Santana, Lara-Saucedo & Marcos, 2003, Marcos, Díaz-Santana, 

Llorente & C., 2002, Moreno-Barriuso, Marcos, Navarro & Burns, 2001).  

In this study, measurements were done under mydriasis (1 drop 1% tropicamide). 

Pupil diameters ranged from 4 to 6 mm, and the sampling pattern (with 37 samples in a 

hexagonal configuration) was adjusted by software to fit the natural pupil. Spherical 

error was corrected by means of a Badal focusing system. Total wave aberrations were 

fit to 7th order Zernike polynomials, and the OSA standards for reporting aberrations 

(Applegate, Thibos, Bradley, Marcos, Roorda, Salmin & Atchison, 2000) were 

followed. Third order horizontal coma Z3 
1 and 4th order spherical aberration Z4 

0 were 

reported. 

Internal aberrations were obtained by subtraction of total minus corneal aberrations. 

 

2.4 Angle λλλλ,  IOL tilt and decentration 

 
IOL tilt and decentration were measured with a custom developed Purkinje imaging 

system described and experimentally validated elsewhere (de Castro, Rosales & 

Marcos, 2007, Rosales & Marcos, 2006, Rosales & Marcos, 2007). (See Chapter 2 for a 

comprehensive description of the method and page 56 and Figures 2.6 and Table 8.1 for 

a detailed description of the sign convention).  

The Purkinje imaging system was also used to estimate the relative shift of the 

corneal reflex (first Purkinje image) with respect to the pupil center for foveal fixation, 

and angle λ was calculated as described elsewhere (Rosales & Marcos, 2007). 

Additionally, the Purkinje imaging system has channel for phakometry measurements 

(Rosales, Dubbelman, Marcos & Van der Heijde, 2006, Rosales & Marcos, 2006).  

Measurements of lens tilt and decentration were obtained in dilated eyes, in the same 

session as total and ocular aberrations. This guaranteed that measurements were not 
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affected by potential changes of pupil center with pupil size. Optical biometry (with the 

IOLMaster, Zeiss) was obtained in all eyes, and phakometry (with the phakometry 

mode of the Purkinje imaging apparatus) was performed when the radii of curvature of 

the IOL were not known, since those parameters are required to process the data.  

Lens tilt and decentrations had already been reported in a subset of 21 eyes (12 

patients) who participated in a study comparing IOL tilt and decentration from 

Scheimpflug and Purkinje imaging (de Castro, Rosales & Marcos, 2007). 

 

2.5 Computer eye modelling 
 
Customized computer eye models in Zemax were used to compare predictions of 

horizontal coma (with and without IOL lens tilt and decentration) with real 

measurements. Simulations were performed for 15 eyes from Group 2, for which a full 

geometrical description was available. A full description of the customized computer 

eye has been presented elsewhere (Rosales & Marcos, 2007). 

 

2.6 Data analysis 
 
Right and left eyes were included in the study, to test for mirror symmetry, and in 

view of the fact that surgeries were carried out independently. For average calculations, 

the sign of horizontal coma was reversed in right eyes (Kelly et al., 2004, Marcos & 

Burns, 2000, Smolek, Klyce & Sarver, 2002) to account for the enantiomorphism of the 

right and left eyes. Otherwise, data from left and right eyes are presented without 

changing signs. The individual compensation of corneal by internal aberrations 

(spherical aberration and horizontal coma) was tested by means of correlations. 

Relationships between total and corneal horizontal coma and angle λ, and between 

angle λ and  IOL tilt and decentration (horizontal components) were tested using linear 

regressions. 

Statistical analysis was performed using Matlab: unpaired two-tailed t-tests were 

used to test the statistical significance of mean differences across Groups 1 and 2; a 

Wilcoxon signed rank test was used to test the statistical significance of differences 

across mean total and corneal aberrations (to assess the compensatory role of the 

internal optics); and a z-test was used to test the statistical significance of correlations. 

Statistical significance was set to the p<0.01 level for all tests.  
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Finally, both for averages and correlation analysis, corneal and total aberration data 

were scaled from the maximum pupil size down to 5-mm. Therefore 6 patients from 

Group 1 and 5 patients from Group 2 with pupil sizes smaller than 5 mm were excluded 

for this analysis. Angle λ was available from all eyes, whereas IOL tilt and decentration 

was missing in 3 eyes from Group 1 and 5 eyes from Group 2 (where the third Purkinje 

image was vignetted by the pupil).  

 

3.   RESULTS 
 

3.1 Average compensation 
 
We investigated the compensation of spherical aberration and horizontal coma on the 

entire sample, and Groups 1 and 2 separately. The mean coefficient values are shown in 

Table 9.2, for 5-mm pupils (i.e. eyes with pupils smaller than 5-mm pupils were not 

included).  

These results are indicative of a high compensation of the corneal spherical 

aberration of the average population, in keeping with the intended performance of the 

aspheric IOL designs. The compensation of the corneal horizontal coma is also highly 

statistically significant, with average reduction close to 90%. Compensation is slightly 

higher for Group 1 than 2, although the resulting total aberration is not statistically 

significantly different across groups.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Spherical 

aberration, Z4
0 (µm) 

Total Corneal % compensation P valuea 

Group 1  0.035± 0.07 0.13 ±0.06 73.6 <0.0001* 

Group 2  0.041± 0.06 0.096±0.06 57.0 <0.0001* 

All eyes  0.038 ± 0.06 0.11±0.06 66.2 <0.0001* 

p valueb 0.79 0.13   

     

Horizontal coma  

Z3
1 (µm) 

    

Group 1  0.005 ± 0.10 0.11±0.12 94.8 0.0068* 

Group 2  0.038± 0.05 0.24±0.19 84.3 <0.0001* 

All eyes  0.023±0.08 0.18±0.17 87.3 <0.0001* 

p valueb 0.30 0.033*   

     

 

Table 9.2. Average values of spherical aberration and horizontal coma, for 5-mm pupils 

 

Group 1, n=12; Group 2, n=15; All eyes, n=27. 

A p-value, indicating significant compensation (*), for Wilcoxon signed rank test. 

B p-value, indicating significant differences across groups (*), for unpaired two-tailed t-test. 
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3.2 Individual compensation 
 
Individually, 16 eyes from 18 in Group 1 and 18 eyes from 20 in Group 2 showed a 

reduction of corneal spherical aberration.  In two eyes, with almost zero or negative 

corneal spherical aberration there was a shift of the spherical aberration toward negative 

values (with a larger absolute total than corneal aberration). In 11 eyes from 18 in 

Group 1 and 20 eyes from 20 in Group 2 there is a reduction of the absolute value of 

horizontal coma. In 4 eyes from Group 1 there is an overcompensation of horizontal 

coma, which resulted in larger absolute total than corneal aberration. 

Quantitative analysis of compensation of spherical aberration and horizontal coma on 

an individual basis was performed by testing for linear correlations between internal and 

corneal values for these aberrations. Figure 9.1 shows internal versus corneal spherical 

aberration, for 5-mm pupils (only eyes with pupil diameters of 5-mm and larger are 

therefore included). In most eyes, internal spherical aberration is negative. Although the 

IOLs are nominally designed to exhibit a constant negative spherical aberration (for a 

specific model eye), there is a significant scattering in the internal spherical aberration . 

These differences arise from the fact that estimates of internal aberrations incorporate 

the effect of ray convergence from the cornea, and therefore they are affected by corneal 

curvature and anterior chamber depth, which differ across subjects. There is no 

significant correlation between corneal and internal spherical aberration values, 

confirming that compensation is not provided at an individual level. Figure 9.2 shows a 

significant linear negative correlation (p=0.0035) between corneal and internal 

horizontal coma, for 5-mm pupils. The sign of horizontal coma has not been reversed 

for right eyes (closed symbols). Table 9.3 shows correlation coefficients, p values and 

slopes for each group and all eyes together for spherical aberration and horizontal coma 

A perfect compensation occurs for a slope of –1. No significant correlations were 

found for spherical aberration, but we found significant correlations for horizontal 

coma, with slopes of –0.82. 
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Figure 9.1. Corneal spherical aberration versus internal spherical 
aberration. Closed symbols stand for right eyes, and open symbols for left 
eyes. Circles stand for eyes from Group 1 (anterior surface asphericity 
IOLs) and squares for eyes from Group 2 (posterior surface asphericity 
IOLs). Data are for 5-mm pupil diameters. 

 

Figure 9.2. Corneal horizontal coma versus internal horizontal coma, 
showing a significant linear correlation (r=-0.946, p<0.0001). Closed 
symbols stand for right eyes, and open symbols for left eyes. Circles stand 
for eyes from Group 1 (anterior surface asphericity IOLs) and squares for 
eyes from Group 2 (posterior surface asphericity IOLs). Data are for 5-
mm pupil diameters. 
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3.3 Effect of angle λλλλ 
 
Figure 9.3 shows the shift of the Purkinje image (horizontal and vertical coordinates) 

with respect to the pupil center measured in all eyes of the study (circles and squares). 

On the same plot we have superimposed (broken symbols and squares) the estimated 

angle of rotation of the model eye (customized to each patient) needed to achieve the 

measured 1st Purkinje image shift (related to angle λ).  As expected, there is mirror 

left/right eye symmetry in the horizontal coordinates of Purkinje shift and angle λ. 

There are significant differences (p<0.0001, unpaired t-test) in the mean horizontal 1st 

Purkinje shift (or angle λ) between Groups 1 and 2  (0.17 mm or 1.34 deg, and 0.43 mm 

or 3.52 deg, on average, respectively), which explains the significant difference in 

corneal horizontal coma (Table 2).  

 
 
 
 
 
 
 
 
 
 
 

Corneal vs Internal 

Spherical aberration Z4
0 (µµµµm) 

Coefficient of 

correlation R 
p slope 

Group 1 -0.418 0.176 -0.418 

Group 2 -0.258 0.395 -0.169 

All eyes -0.423 0.035 -0.347 

    

Corneal vs Internal  

Horizontal coma Z3
1 (µµµµm) 

   

Group 1 -0.799 0.001* -0.662 

Group 2 -0.979 <0.0001* -0.852 

All eyes -0.946 <0.0001* -0.819 

 

Table 9.3. Correlations, significance and slopes of the linear regression 
of corneal and internal coefficients, for spherical aberration and 
horizontal coma. 

Group 1, n=12; Group 2, n=15; All eyes, n=27. 
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Figure 9.3. Horizontal and vertical shift of the 1st Purkinje image with respect to 
the pupil center (top horizontal and right vertical axes, respectively), and the 
equivalent horizontal and vertical coordinates of angle λ (bottom horizontal and 
left vertical axes, respectively, and broken symbols), for the eyes of the study. 
Closed symbols stand for right eyes, and open symbols for left eyes. Circles stand 
for eyes from Group 1 (anterior surface asphericity IOLs) and squares for eyes 
from Group 2 (posterior surface asphericity IOLs). Sign conventions for the 1st 
Purkinje image shift with respect of the pupil center are as follows.  For horizontal 
shift x: Positive, the Purkinje image is shifted toward the nasal direction and 
viceversa for negative. For vertical shift:  Sign conventions are: Positive, the 
Purkinje image is shifted upward and viceversa for negative. Sign conventions for 
angle λ are as follows.  For the horizontal coordinate: Positive, the line of sight is 
rotated upwards with respect to the pupillary axis, Negative, the line of sight is 
rotating downwards referred to the pupillary axis. For the vertical coordinate: 
Positive, the line of sight is rotated to the nasal (right eye) or temporal side (left 
eye) and viceversa for the Negative.  
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Individually, there are highly significant correlations between corneal horizontal 

coma and the horizontal component of angle λ (Figure 9.4, open and filled circles), 

indicating that corneal horizontal coma arises primarily from the misalignment of the 

pupillary axis and the line of sight. For total horizontal coma there is a slight 

dependency with λ in the same direction that corneal coma (Figure 9.4, open and filled 

squares), although the correlation is only significant for Group 2. Table 9.4 shows 

coefficients of correlation coefficients, p values and slopes for each group and all eyes 

together, for the linear regressions of corneal and total horizontal coma as a function of 

angle λ. 

 
 
 
 
 
 
 

Figure 9.4. Horizontal coma as a function of angle λ (see Figure 9.3). Data 
from Groups 1 and 2 have been combined. Circles stand for corneal coma and 
squares for total coma. Closed symbols represent right eyes and open symbols 
left eyes. Solid lines represent linear correlations to the data (r=-0.71, p<0.0001, 
for corneal, and  r=-0.36, p=0.058 for total). Data are for 5-mm pupil diameters.  

-6 -4 -2 0 2 4 6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
H

or
iz

on
ta

l C
om

a 
(µ

m
)

Horizontal Angle λ (deg)

Φ = 5mm

Corneal Coma Total Coma

-6 -4 -2 0 2 4 6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
H

or
iz

on
ta

l C
om

a 
(µ

m
)

Horizontal Angle λ (deg)

Φ = 5mm

Corneal Coma Total ComaCorneal Coma Total Coma

 



                                                                                                                                          Chapter 9 

                                                                                                                                                                        251

Table 9.4. Correlations, significance and slopes of the linear regression of 
corneal and total horizontal coma as a function of angle λ 

  
Corneal horizontal coma vs angle λ Coefficient  

of correlation R 
                   p Slope (µµµµm/deg) 

Group 1 (n=12) -0,5464 0,0534 -0,0504 
Group 2 (n=15) -0,7965 0,0004* -0,0843 
All eyes (n=27) -0,7105 <0.0001* -0,0833 

    
Total horizontal  coma vs angle λ    

Group 1 (n=12) -0,1716 0,5751 -0,0159 
Group 2 (n=15) -0,5699 0,0266* -0,0099 
All eyes (n=27) -0,3618 0,0585 -0,0108 

 

3.4 Effect of IOL tilt and decentration 

 
IOL tilt (measured with respect of the pupillary axis) and IOL decentration (with 

respect to the pupil center) also exhibit left/right eye midline symmetry, as shown in 

Figure 9.5 A (horizontal vs vertical coordinates of IOL tilt) and 9.5 B (horizontal vs 

vertical coordinates of decentration of IOL decentration), as had been reported 

previously for the crystalline lens. On average, IOLs are tilted  by +1.86±1.29 deg for 

Group 1 and +1.35±0.74 deg for Group 2, with no statistically significant differences 

between the two groups (p=0.20) and decentered nasally by 0.25 mm for Group 1 and 

0.29 mm for Group 2, with no statistically significant differences between the two 

groups (p=0.20). 
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We made use of a customized model eye see Chapter 8, (Rosales & Marcos, 2007) to 

test whether IOL tilt and decentration induced additional coma, or on the contrary 

played a compensatory role. Wave aberrations were estimated, assuming no tilt and 

decentration of the IOL, i.e. collinear with the pupillary axis, and also introducing the 

measured amounts of tilt and decentration. Internal aberrations were computed for each 

condition, subtracting total minus corneal aberrations. Figure 9.6 presents linear 

correlations of internal vs corneal horizontal coma,  with data from the simulations 

assuming a centered lens in circles, with the actual tilt and decentration in triangles, and 

the experimental data  in squares. Results are for 15 eyes from Group 2. The slope of 

the correlation of corneal versus simulated internal horizontal coma increases from         

–0.62 to –0.96 (gets closer to 1) when IOL tilt and decentration are incorporated, 

revealing that IOL tilt and decentration contribute to the compensation of horizontal 

coma. Predicted values are close to the experimental values of horizontal coma 

(particularly for right eyes shown in the left side of the graph). The slope of the corneal 

vs real total horizontal coma in this group of eyes is –0.81. In all three cases, the 

coefficient of correlation is higher than -0.958 and p<0.0001. 

-0.8 -0.4 0.0 0.4 0.8

-0.8

-0.4

0.0

0.4

0.8

V
er

tic
al

 
D

ec
en

tr
at

io
n

(m
m

)

Horizontal Decentration (mm)

V
er

tic
al

 T
ilt

(d
eg

)

Horizontal Tilt (deg)
-6 -4 -2 0 2 4

-6

-4

-2

0

2

4

6

OD OS
Squares Group1
Circles Group2

A B

-0.8 -0.4 0.0 0.4 0.8

-0.8

-0.4

0.0

0.4

0.8

V
er

tic
al

 
D

ec
en

tr
at

io
n

(m
m

)

Horizontal Decentration (mm)

V
er

tic
al

 T
ilt

(d
eg

)

Horizontal Tilt (deg)
-6 -4 -2 0 2 4

-6

-4

-2

0

2

4

6

OD OS
Squares Group1
Circles Group2

-0.8 -0.4 0.0 0.4 0.8

-0.8

-0.4

0.0

0.4

0.8

V
er

tic
al

 
D

ec
en

tr
at

io
n

(m
m

)

Horizontal Decentration (mm)
-0.8 -0.4 0.0 0.4 0.8

-0.8

-0.4

0.0

0.4

0.8

-0.8 -0.4 0.0 0.4 0.8

-0.8

-0.4

0.0

0.4

0.8

V
er

tic
al

 
D

ec
en

tr
at

io
n

(m
m

)

Horizontal Decentration (mm)

V
er

tic
al

 T
ilt

(d
eg

)

Horizontal Tilt (deg)
-6 -4 -2 0 2 4

-6

-4

-2

0

2

4

6

V
er

tic
al

 T
ilt

(d
eg

)

Horizontal Tilt (deg)
-6 -4 -2 0 2 4

-6

-4

-2

0

2

4

6-6 -4 -2 0 2 4
-6

-4

-2

0

2

4

-6 -4 -2 0 2 4
-6

-4

-2

0

2

4

6

OD OSOD OS
Squares Group1
Circles Group2

A B

 

Figure 9.5. Horizontal and vertical coordinates of (A) IOL tilt and (B) IOL decentration. 
Closed symbols stand for right eyes, and open symbols for left eyes. Circles stand for eyes 
from Group 1 and squares for eyes from Group 2. Signs convention for horizontal tilt 
(around the vertical axis) are:  Positive, superior edge of the lens is closer to the cornea 
than the inferior edge, and  vice versa for Negative. For vertical tilt (around the horizontal 
axis):  Positive, nasal edge of the lens moves backward (for the right eye) or forward (for 
the left eye), and viceversa for Negative. Signs conventions for horizontal decentration 
are;. For horizontal decentration: Positive, the lens is shifted toward the nasal (right eye) 
or temporal (left eye) direction and viceversa for Negative. For vertical decentration: 
Positive, the lens is shifted upward and viceversa for Negative.  
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4. DISCUSSION 
 
We found a systematic compensation of corneal horizontal coma in eyes implanted 

with artificial lenses, designed to correct for the corneal spherical aberration of the 

average population. The compensation of spherical aberration over a sample-wide 

population (66.2 %) is of the same order or even larger than that found in young eyes 

with natural crystalline lenses. For example, previous studies found an average 

compensation of spherical aberration of 52% (n=7, (Artal et al., 2001)), or 36% (n=30, 

(Kelly et al., 2004).).  An individual compensation of corneal spherical aberration was 

not found, as expected from the generic design of the intraocular lenses. Remarkably, an 

individual compensation (i.e. a significant correlation between internal and corneal 

spherical coefficients) had neither been found in young individuals. Furthermore, as 

previously reported in young eyes, we found a large compensation of horizontal coma 

in eyes with aspheric IOLs (87% as opposed to 51% in (Kelly et al., 2004).), both on 

average an in the individual eye correlations. It should be noted that our study, as well 

as previous studies did not include posterior corneal asphericity in the estimations of 

In
te

rn
al

H
or

iz
on

ta
l C

om
a 

(µ
m

)

Corneal Horizontal Coma(µm)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

9178.0

0297.09627.0
2 =

−−=

R

xy

96540

009080510
2 .R

.x.y

=

+−=

921.0

0326.06243.0
2 =

−−=

R

xy
In

te
rn

al
H

or
iz

on
ta

l C
om

a 
(µ

m
)

Corneal Horizontal Coma(µm)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

In
te

rn
al

H
or

iz
on

ta
l C

om
a 

(µ
m

)

Corneal Horizontal Coma(µm)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

9178.0

0297.09627.0
2 =

−−=

R

xy

9178.0

0297.09627.0
2 =

−−=

R

xy

96540

009080510
2 .R

.x.y

=

+−=

96540

009080510
2 .R

.x.y

=

+−=

921.0

0326.06243.0
2 =

−−=

R

xy

921.0

0326.06243.0
2 =

−−=

R

xy

 

Figure 9.6. Corneal versus internal horizontal coma for customized model eyes with 
IOLs (squares) aligned to the pupillary axis, misaligned according to the measured 
amounts of IOL tilt and decentration (diamonds) and for real aberration measurements 
(triangles). Linear correlations are highly statistical significant (coefficients of 
correlations are 0.96, 0.96 and 0.98 respectively, p<0.0001). The lower slope (further 
from –1, indicative of lower compensation) correspond to eyes with centered IOLs (-
0.62, as opposed to the eyes simulated with misaligned IOLs or real eyes, -0.96 and –
0.80 respectively). Data correspond to eyes from Group 2. 
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corneal aberrations. Dubbelman (Dubbelman et al., 2007) showed a minor 

compensation of coma arising from the posterior cornea. Kelly (Kelly et al. 2004) 

attributed part of the horizontal coma compensation to the eccentricity of the fovea, but 

they also hypothesized an active mechanism during development that would fine-tune 

the internal horizontal coma to match in magnitude (with opposite sign)  that of the 

cornea. Our results do not favor this hypothesis, and rather support a passive 

mechanism, since we have found an even higher compensation with artificial generic 

IOLs of aspheric design. Simple computations using general eye models in a previous 

study Kelly (Kelly et al., 2004) seemed to suggest that the presence of a gradient index 

distribution in the lens would play a role in the compensation of horizontal coma. While 

certainly the gradient of index (GRIN) of the crystalline lens may have a major 

contribution to the spherical aberration of the eye (and intraocular lens designs could  

incorporate this property), our data in patients with artificial lenses of constant 

refractive index demonstrate that compensation of horizontal coma is not determined by 

the presence of GRIN. Several authors (Artal et al., 2001, Kelly et al., 2004) have 

argued that compensation of horizontal coma may be achieved by fine-tuning of the 

crystalline lens position. While tilt and decentration of the lens do not appear to be 

major contributor to the compensation of horizontal coma, our data however support a 

compensatory role of lens misalignments, rather than an additional source of aberration. 

It is interesting that tilt and decentration appear to have a systematic bilateral symmetry 

and in the same direction than angle λ, in most eyes, even those implanted with 

intraocular lenses. We do not have preoperative data of crystalline lens tilt and 

decentration in these eyes, but a comparison with data in a young population from a 

previous study (see Chapter 8) suggests that surgery does not induce a significant 

increase in the magnitude of lens tilt and decentration and does not appear to change its 

orientation (perhaps preserved by the capsule). Whether this “beneficial” orientation of 

the lens was the result of an active process or a geometrical feature cannot be 

determined by our study, but in any case the role of tilt and decentration of the lens in 

horizontal coma is small compared to that of foveal misalignment and surface geometry. 

Our study supports the hypothesis of a passive, geometry-driven mechanism for 

compensation of horizontal coma. In agreement with previous studies (Artal et al., 

2006, Coletta et al., 2006), we found high correlation of corneal horizontal coma with 

the shift of the 1st Purkinje image from the pupil center (or angle λ). Unlike suggested 

by a previous model (Kelly et al., 2004), our customized eye model with IOLs shows 
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similar results whether the 1st Purkinje shift is fully attributed to the eccentric fixation of 

the fovea or to a displacement of the pupil. Previous studies (Artal et al., 2006) 

conclude that the eye is a robust optical system, in the sense that eyes with different 

geometrical structure (such as hyperopes and myopes) exhibit similar optical 

performance (by compensation of spherical aberration and coma). We have not 

attempted to use refractive error as a variable in our study (although we have observed 

that longer eyes tended to have lower angle λ). However, our study also supports the 

robustness of the optical layout of the eye, in the sense that generic intraocular lenses 

with negative spherical aberration (but very different optical and geometrical structure 

than that of the crystalline lens) still are capable to produce an almost complete 

compensation of horizontal coma. This confirms the idea that the oblique incidence of 

rays that produces corneal horizontal coma, also generates coma in the lens, which for 

several designs (such as those of the IOLs of this study, designed to produce negative 

spherical aberration) has opposite sign to that of the cornea. We have compared the 

amounts of absolute total horizontal coma in the eyes (n=27) of this study (0.067± 0.049 

µm,  for 5-mm pupil diameter) with a group of eyes (n=9) of a previous study (Barbero, 

2003), implanted with spherical IOLs (Acrysof, Alcon) using identical surgical 

technique, which showed significantly higher values of horizontal coma (0.28 ± 1.78 

µm). To our knowledge, no experimental study comparing optical performance of eyes 

with spherical and aspheric IOLs (Bellucci, Morselli & Pucci, 2007, Marcos et al., 

2005, Mester, Dillinger & Anterist, 2003) have been able to find larger amounts of 

coma in eyes with aspheric IOLs compared to those with spherical IOLs, despite early 

predictions indicating that aspheric designs would be more susceptible to induce 

asymmetric aberrations in the presence of random tilt and decentrations (Atchison, 

1989).  

Our study also has implications for the design of aspheric IOL designs, which try to 

mimic the performance of the young crystalline lens, and particularly to compensate for 

off-axis coma (Tabernero, Piers, Benito, Redondo & Artal, 2006). We have found that 

two different designs (one with the asphericity in the anterior and the other with 

asphericity in the posterior surface of the lens) both produce similar compensation of 

horizontal coma for foveal fixation.  

In order to investigate to which extent different designs could achieve a 

compensation of corneal horizontal coma,  we evaluated computationally the optical 
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performance of three different lenses minimizing defocus and spherical aberration (a 

meniscus, a biconvex lens with aspheric anterior surface and a biconvex lens with 

posterior aspheric surfaces) generated using analytical tools (Barbero & Marcos, 2007).  

Tests were performed  on a customized pseudophakic eye model (Rosales & Marcos, 

2007) for Eye #1 from Group 2. We found a compensation of spherical aberration with 

all three designs. However, horizontal coma increased 20% for the meniscus lens, it 

decreased by 46% for the biconvex lens with aspheric anterior surface, and by 58% for 

the biconvex lens with aspheric posterior surface. This indicates that while not all,  quite 

different designs can produce significant amounts of compensation. Also, we evaluated 

the behavior of a spherical and an aspheric IOL of the same optical power in the same 

model eye and found that simulated total horizontal coma was twice with the spherical 

than with the aspheric lens, in keeping with the experimental results. Finally, we 

simulated the off-axis optical performance using the customized model eye for Eye #1 

from Group 2, with its actual IOL. We found that, while significant compensation of 

horizontal coma occurred over a few degrees of retinal eccentricities, there was a given 

angle (-2 deg for this eye) for which compensation was optimal (as opposed to 4 deg, 

which was the measured eccentricity for this eye). While maximum optical quality 

would be achieved if the fovea was located in the optimal position, compensation of 

horizontal coma in the eyes of the study is similar or even better than in normal young 

eyes, indicating that significant compensations can be obtained with generic lenses not 

necessarily fine tuned to the foveal location. 

As conclusion the findings suggest that the lens shape, gradient index or foveal 

location follow a passive mechanism for compensation of horizontal coma, although  

our results cannot exclude an active mechanism for the orientation of the crystalline 

lens, since cataract surgery seems to preserve the position of the capsule. 

 
 
 
 




