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Summary of the thesis in Spanish 

Desarrollo de nuevas aplicaciones de un simulador de visión 

simultánea 

Introducción 

La presbicia y la catarata son dos procesos fisiológicos asociados a la edad que afectan a la 

visión. La presbicia es debida a la pérdida de elasticidad del cristalino que implica una 

pérdida de la capacidad de enfocar objetos cercanos. Hay múltiples soluciones actualmente 

en el mercado como gafas progresivas, lentes de contacto multifocales y PresbyLASIK entre 

otros, pero ninguna restaura completamente el proceso acomodativo. La catarata es una 

opacificación del cristalino que impide el paso de la luz y puede ocasionar ceguera, su 

tratamiento se basa en reemplazar el cristalino por una lente intraocular. Hay más de 100 

diseños de lentes intraoculares actualmente en el mercado y la lente a implantar se 

selecciona atendiendo a las aberraciones oculares y el estilo de vida de cada sujeto porque 

no hay ningún diseño que restablezca la visión a todas las distancias para toda la población.  

El simulador visual SimVis Gekko (2EyesVision S.L.), es una tecnología reciente basada el 

principio de multiplexación temporal (visión simultánea), y permite a los sujetos ver 

binocularmente a través de diferentes diseños multifocales antes de la cirugía de cataratas. 

De esta forma, es posible la selección del diseño más adecuado para cada sujeto 

maximizando el confort visual después de la cirugía y reduciendo problemas de adaptación 

al diseño seleccionado después de la operación en la clínica. 

Las lentes extendidas de foco (EDOF), son una nueva clasificación de diseño de lentes 

intraoculares. Los programas de diseño óptico permiten diseñar modelos de ojo 

pseudoafáquicos, convirtiéndose en grandes predictores del comportamiento visual, con 

diferentes diseños de lentes intraoculares. Ofrecen la posibilidad de explorar distintos 

grados de libertad para simular casos clínicos generales (como el descentramiento e 

inclinación de la lente), específicos (como la simulación de la óptica en pacientes operados 

de LASIK) y de gran interés para los fabricantes (como la estabilidad del diseño en un amplio 

rango de potencias, o el estudio de su comportamiento con córneas realistas). 

Los simuladores visuales basados en óptica adaptativa son una herramienta muy útil que 

permiten de una forma no invasiva manipular el frente de onda. Permiten el estudio de 

diseños de lentes intraoculares, antes incluso de que sean fabricadas e implantadas. En esta 

tesis se utilizan distintos dispositivos como espejos deformables, moduladores espaciales de 

luz y lentes optoajustables combinadas con la tecnología SimVis para validar la simulación 

de las lentes intraoculares y para evaluar sus propiedades. 

Métodos 

En esta tesis se ha utilizado el programa de diseño óptico de Zemax para el modelado 

personalizado de ojos pseudoafáquicos para el estudio de los lentes EDOF de reciente 
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aparición en el mercado y dos lentes monofocales para comparar el comportamiento visual 

entre correcciones. Se han realizado diferentes estudios para evaluar las lentes en términos 

de calidad óptica y profundidad de foco y para evaluar los halos producidos en la retina. 

Además, se ha estudiado de forma computacional su comportamiento en diferentes casos 

clínicos: descentramiento e inclinación de la lente con respecto a la córnea, inducción de 

aberraciones oculares, diámetro pupilar, potencia de la lente y uso en pacientes operados 

de LASIK. 

También, se han realizado estudios en un simulador visual basado en óptica adaptativa y se 

han estudiado distintas métricas de un paso y de doble paso en sujetos de forma no invasiva 

simulando dos lentes EDOF y midiendo la calidad visual a través de foco. Estos trabajos han 

permitido estudiar las distintas posibilidades de simulación de las lentes, con modulador 

espacial de luz y mediante multiplexado temporal con la tecnología SimVis, teniendo como 

referencia las medidas de la lente física en una cubeta. Además, se modificó el frente de 

onda con el espejo deformable del sistema de óptica adaptativa para evaluar la influencia 

de las aberraciones corneales en la lente.  

Por último, se ha utilizado el simulador binocular de visión simultánea SimVis Gekko basado 

en multiplexación temporal para validar la simulación de patrones de ablación PresbyLASIK 

en sujetos. 

Resultados y Conclusiones 

Los estudios realizados con las dos lentes EDOF de forma teórica utilizando los programas 

de diseño óptico, y experimentalmente mediante medidas de banco óptico y en sujetos con 

un sistema de óptica adaptativa nos han permitido validar la capacidad de la tecnología 

SimVis para simular estos diseños suaves y verificar la posibilidad de su uso en el ámbito 

clínico. Estas conclusiones permiten afianzar su competitividad en el mercado. 

La lente Isopure muestra un buen balance entre calidad óptica y profundidad de foco con 

diferentes diámetros de pupila, grados de inclinación de la lente con respecto a la córnea y 

potencias y aberración esférica corneales. La lente Vivity se ha estudiado para distintos 

diámetros de pupila y ha demostrado ser relativamente independiente de la aberración 

esférica y el coma corneales. Los resultaos muestran que una lente intraocular adecuada 

para pacientes operados de LASIK, especialmente los operados para corregir miopía. 

Con la manipulación del frente de onda en el sistema de óptica adaptativa sobre la lente 

Isopure, los resultados obtenidos indican estabilidad de su comportamiento frente a la 

manipulación de aberraciones oculares, confirmando que su diseño es robusto y su 

profundidad de foco estable. 

La tecnología SimVis muestra por primera vez, según lo que sabemos, la capacidad de 

simular diferentes patrones de ablación PresbyLASIK en sujetos, permitiendo la selección del 

mejor perfil antes de la cirugía y aumentar el confort y el éxito de la cirugía. 
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Summary of the thesis in English 

Development of new applications of simultaneous vision simulator 

Introduction 

Presbyopia and cataract are two age-related physiological processes that affect vision. 

Presbyopia prevents focusing on near objects; multiple solutions to compensate it are 

currently implemented on the market, such as: progressive lenses, multifocal contact lenses 

and PresbyLASIK among other examples; but none fully restore accommodation process. 

The cataract is an opacification of the crystalline lens that leads to blindness. Its treatment is 

based on the crystalline lens replacement by an intraocular lens (IOL). More than 100 IOLs 

designs are currently on the market, but according with the individual ocular aberrations 

and lifestyle of each subject, there is still no design that restores vision for the entire 

population. 

SimVis Gekko (2EyesVision S.L.) visual simulator is a recent technology based on the 

temporal multiplexing principle (simultaneous vision). It was Introduced on the market 

throughout this thesis, it allows subjects to see binocularly through different multifocal 

designs before cataract surgery. It makes possible to select the most suitable design for 

each subject, maximizing visual comfort after surgery and reducing inadaptation to the 

selected design after surgery in clinics. 

The extended depth of focus (EDOF) is a new IOL classification. Optical design programs 

allow the design of pseudophakic eye models, becoming great predictors of visual behavior, 

with different IOLs designs. They offer a great degree of freedom to evaluate clinical cases: 

general (such as IOL decentration and tilt), specific (post-LASIK surgery subjects) and those 

which manufacturers have great interest in (e.g., design stability in a wide range of lens 

powers, aberrations influence in the IOL design). 

Visual simulators based on adaptive optics (AO) are a useful tool that allow a non-invasive 

wavefront manipulation and to study the IOL design before they are even manufactured and 

implanted. Different technologies as deformable mirrors, spatial light modulators (SLM) and 

temporal multiplexing tunable lenses (SimVis) make it possible to simulate and validate IOL 

designs and evaluate them to launch in the clinical setting. 

Methods 

In this thesis, Zemax OpticStudio optical design program has been used for customized 

model of pseudophakic eyes to study two EDOF IOLs that have launched in the market 

throughout this thesis. Two monofocal IOLs also have been studied to compare with the 

EDOF IOLs. Different studies were carried out to evaluate the IOLs performance in terms of 

optical quality and Depth of Focus (DOF). In addition, more studies were performed to 

predict the EDOF IOLs behavior in different clinical reports: IOL decentration and tilt in 

cataract surgery, ocular aberrations induction, pupil diameter size, IOL power and validation 

of EDOF IOLs used in subjects with post-LASIK surgery, including halos evaluation. 
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Experimental studies have been carried out in an AO system, on bench and on subjects’ 

measurements with the two EDOF IOLs. Through focus curves have been measured to 

validate the IOLs simulation with SLM and temporal multiplexing (SimVis technology) in 

comparison with the physical IOL in a cuvette as a reference. In addition, the wavefront in 

the AO system was manipulated with the deformable mirror to evaluate the influence of 

ocular aberrations in the IOL design. 

SimVis Gekko simultaneous binocular visual simulator based on temporal multiplexing was 

used to evaluate the ability to simulate PresbyLASIK ablation patterns in subjects. 

Results and conclusions 

In this thesis, different studies of two EDOF IOLs have been performed theoretically through 

optical design, and experimentally with an AO system which allow us to evaluate the ability 

of SimVis technology to simulate soft designs, as EDOF IOLs, and verify the possibility of its 

use in the clinics to strengthen the SimVis technology in the market.  

The design of the two EDOF IOLs has been evaluated computationally and they show 

robustness in their designs. The Isopure IOL shows a good balance between optical quality 

and depth of focus at: different pupil diameters, when it’s tilted, with different corneal 

power and with spherical aberration induction. In addition, Isopure shows stability in the 

design for a range of powers in its catalog from 10 to 35 D. The Acrysof IQ Vivity IOL also 

shows a good balance between optical quality and DOF at different pupil diameters and a 

great robustness in its design with spherical aberration and coma induction. The results 

predicted the Vivity as a good candidate to implant in post-LASIK surgery subjects, especially 

myopic. 

When the wavefront was manipulated with the deformable mirror in the AO system over 

the Isopure IOL; the IOL performance was stable against the manipulation of ocular 

aberrations. Isopure design shows robustness and stability in the DOF. 

SimVis technology shows for the first time, to our knowledge, the ability to simulate 

accurately different PresbyLASIK ablation patterns in subjects, allowing the selection of the 

best profile prior to surgery and increasing comfort and success of surgery. Also increase the 

SimVis technology applications in the clinics and increase its competitiveness in the market.  
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1 Introduction 
 

The natural ageing changes that occur in the crystalline lens include a progressive loss in its 

elasticity that results in an inability to increase its power to focus near objects on the retina. 

This process is called presbyopia and occurs in 100% of the population after an age of about 

45 years old. Multiple optical solutions are available to provide vision at different distances 

after presbyopia onset in the form of glasses, contact lenses or surgery to reshape the 

cornea or to replace the crystalline lens with an intraocular lens. Over the years, the 

crystalline lens does not only loss its elasticity, but also its transparency with the appearance 

of opacifications, called cataracts, in 49% of the population between 60 and 70 years. 

Cataracts reduce both the amount of light on the retina and the quality of the image formed 

by the anterior segment, leading to blindness if the crystalline lens is not surgically removed 

and replaced by an intraocular lens. Cataract surgery is the most frequently performed 

surgical procedure in the world and there is an increasing number of IOL designs in the 

market. The evaluation and simulation of the different designs would allow a deeper 

understanding of the properties of the new designs when coupled to the eye and the 

individual fit when implanted in a subject. While the ultimate goal of new premium 

intraocular lenses is to improve visual quality and deliver spectacle-free vision, new 

technologies that are able to predict the post-operative visual quality prior to surgery, 

manage patient’s expectations by demonstrating vision with those lenses, and to adapt the 

choice to the patient’s needs and lifestyle are key to the adoption and success of new lens 

designs. 

The SimVis Gekko (2EyesVision, SL) is a binocular wearable simultaneous vision IOL 

simulator that is designed to allow the pre-operative evaluation of the post-operative vision 

with different multifocal designs. The scientific interest of this thesis is the study of vision 

with premium corrections presbyopia correction, simulated with SimVis Gekko. The 

technical interest of this thesis is the validation of simulation strategies of different 

presbyopia corrections in the SimVis Gekko instrument.  The industrial interest of this thesis 

is to expand the catalog of IOLs that can be simulated in the SimVis Gekko binocular visual 

simulator and to develop new applications for SimVis technology. In addition, through 

collaborations between the research group and two companies (PhysIOL and Alcon), the 

performance of two new IOL designs has been evaluated in a number of conditions to 

account for the impact of their design on vision. 

In this chapter, we review the state-of-the-art and present the motivation for the thesis, the 
overarching hypothesis, and the open questions and goals targeted in the thesis. 
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1.1 The Visual system 
 

1.1.1 The visual process 

The human vision is a complex process that starts when light enters the eye, one of our 
most important and complex sensory organs. The visual process is divided into three 
essential stages (figure 1.1): (1) the optical stage that corresponds to the first step of vision, 
image formation, (2) the retinal stage where the image projected on the retina is sampled 
by the photoreceptors that convert the light into electrical impulses that is processed by a 
cascade of neurons and send through the optic nerve to the visual cortex, and (3) the 
cortical stage corresponding to the neural processing where the image is perceived and the 
information processed by the brain.  

 

 

Fig. 1.1: Visual system scheme. Adapted from Zabihian et al. 2012. 

 

The first step, i.e., the formation of images on the retinal plane, is a passive process. Despite 
the relative simplicity of the optical system formed by the cornea and the crystalline lens, or 
the intraocular lens in pseudophakic subjects, its importance is key and in fact it is one of 
the elements in the visual process that most limits the quality of vision (Artal 2014). 

 

1.1.2  Optics of the eye 

In adult humans, the eye is approximately a sphere with a diameter of around 24 mm in 
which the cornea and the crystalline lens project images of the outside on to the retina. 

The light that reaches the eye enters through the cornea, the first ocular component. The 
cornea is an avascular transparent thin layer of about 12 mm of diameter and about 0.55 
mm thickness in the central part. The cornea is approximately a spherical section with an 
average anterior and posterior radius of curvature of 7.8 mm and 6.5 mm respectively, and 
a refractive index of about 1.377. The cornea provides over the 70% of the optical power of 
the eye which correspond to about 40 D (Artal 2016). An aqueous tear film softens the first 
optical surface (anterior corneal surface) to provide the best image quality. The space 
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immediately after the cornea is the anterior chamber filled with a transparent aqueous 
humor with an index of refraction of about 1.337.  

 

 

Fig 1.2: Vertical cross section of the eye forming an image on the retina. 
Indicating the optical components of the eye. Illustration adapted from (da Costa 

2019). 

 

The iris is formed by two set of muscles with a central hole whose size depends on its 

contraction and acts as a diaphragm limiting the amount of light passing through the eye 

and controlling the retinal illumination. The image of the iris through the cornea is the 

entrance pupil, and its image through the lens corresponds to the exit pupil. The ambient 

light changes the aperture size from less than 2.0 mm in bright light to more than 8.0 mm in 

the dark depending on the subject. Since eye is an aberrated optical system, the pupil size 

affects the image quality projected on to the retina, with small pupils producing an increase 

in the retinal image quality but with lower illumination.  

The crystalline lens is located just behind the iris inside an elastic capsule held by ligaments 

called zonules to the ciliary body. The crystalline lens is a biconvex lens with an anterior and 

posterior curvature radius of about 10.2 and -6.0 mm respectively and with a non-

homogeneous refractive index (gradient index). Its equivalent refractive index, the 

homogeneous refractive index of a lens with the same shape and dioptric power, is about 

1.42. The crystalline lens is an active optical element that changes its shape modifying the 

optical power. When the ciliary muscles contracts and the tension of the zonules is relaxed 

the crystalline lens increase its thickness producing an increase in of the optical power of 

the crystalline lens. This mechanism is called accommodation and allows focused vision at 

different distances in young subjects. Filling the gap between the crystalline lens and the 

retina there is a transparent humor called vitreous, a gelatinous substance with a refractive 

index of about 1.336.  

The retina is placed at the back of the eye and is a part of the central nervous system. It 

contains photoreceptors, rods and cones, that are neurons specialized in the detection of 

light. Rod photoreceptors are characterized by high sensitivity to light, detecting objects at 

extremely low lighting levels, allowing night vision. Cone photoreceptors respond to high 

levels of brightness and are responsible for daytime vision. There are three types of cones 
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known as long- (L), medium-(M), and short-(S) wavelength-sensitive cones depending on 

which portion of the spectrum their photopigment absorbs the most (Dartnall et al. 1983). 

Normal trichromatic color vision utilizes all three cone photopigments (Figure 1.3). The 

central area of the retina is called fovea, and provides the highest visual resolution due to 

the high-density packed cone photoreceptors. The peripheral retina has highest density of 

rods, to detect movements in the visual field and its resolution is lower than the one at the 

fovea.  

 

 

Fig. 1.3: Normalized absorbance spectra for human visual pigments: rod and 
cones (S, M an L). Adapted from Dartnall et al. 1983. 

 

 

 

1.2 Optical quality of the eye 
The eye is an aberrated optical system, suffering from low order aberrations (LOA) and high 

order aberrations (HOA). LOA are those typically measured in the optometry practice:  

defocus (myopia and hyperopia) and astigmatism. In addition, other optical phenomena 

such as diffraction and scattering contribute to the degradation of the retinal image optical 

quality (Marcos 2003).  

Diffraction is an unavoidable physical effect that occurs when light waves pass through an 

aperture. In the eye, the effects of diffraction are notorious with low pupil sizes. An optical 

system is considered perfect when it the image quality is only limited by diffraction. 

Scattering is produced when the light interacts with molecules or small particles that locally 

change the index refraction of intraocular media and is originated normally in the cornea 

and the crystalline lens (Hart et al. 1969, van den Berg et al. 1996). Scattering alters the light 

direction randomly, causing a blurring in the retinal image. In young eyes without 
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pathologies the contribution of this factor is not important, but the scattering of the 

crystalline lens increases significantly with age (specially with cataract), and can also be 

originated in the cornea by disease or surgical procedures such as refractive surgery, 

resulting in a considerable degradation of the quality of the retinal image (Díaz-Douton et al. 

2006). 

Refractive error, a disorder of complex and multifactorial etiology, is characterized by a 

mismatch between the optical power provided by the cornea and the crystalline lens in the 

anterior segment of the eye, and the axial length that causes distant objects to be imaged in 

front (myopia) or behind the retina (hyperopia). In addition, in the presence of astigmatism 

the retinal image of a point source is focused at two perpendicular lines at two different 

focal positions. In the clinical practice, different corrections are applied to compensate 

these errors: (1) Ophthalmic lenses or spectacles, divergent for myopia, convergent for 

hyperopia and cylindrical (or sphero-cylindrical if astigmatism is combined with defocus) to 

compensate for astigmatism, (2) contact lenses that are worn on top of the cornea, (3) 

implantable collamer lens (ICL) that are placed during surgery in the anterior chamber of the 

eye before the iris and are mostly used in subjects with high ametropias, and (4) refractive 

surgery (such as PRK or LASIK) that consists of a corneal ablation that is central for myopia, 

peripherical for hyperopia and asymmetric to compensate astigmatism.  

 

1.2.1 Ocular monochromatic aberrations 

The eye’s aberrations are generally measured in monochromatic light, and (unless 

otherwise noted) this thesis refers to monochromatic aberrations. Monochromatic 

aberrations arise from the shape of the different ocular surfaces, cornea and crystalline lens 

and their relative alignment (with tilts and decentrations), and depend on pupil diameter, 

accommodation, and other irregularities and asymmetries (Charman 1991, Unterhorst et al. 

2015).  

The wave aberration, i.e. the distortions of the wavefront (the surface of rays with the same 

phase) in the pupil plane is used to describe the optical quality of the eye. The wave 

aberration map, W(x,y), corresponds to the deviations of a wavefront exiting the pupil after 

progressing through the optics of the eye when compared to an aberration-free reference 

wavefront (sphere wavefront), illustrated in figure 1.4. 
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Fig. 1.4: Schematic representation of wavefront aberration: aberrated wavefront 
(yellow), reference wavefront (purple) and wave aberration (color represents the 

distance between the aberrated and reference wavefront). Adapted from Sawides 
2013. 

The ocular wave aberration is generally described mathematically by a Zernike polynomial 
expansion (Zernike 1934), which is a sum of Zernike polynomials weighted by the Zernike 
coefficients, as described in equation 1.1. Zernike polynomials consist of orthogonal basis of 
bidimensional functions that are defined in a circle normalized to unit. The Zernike basis is 
convenient in visual optics because of they are defined on circular pupil, such as the human 
eye’s pupil, and because the low order aberrations represent well known refractive errors 
(defocus and astigmatism). The first Zernike polynomials are represented in figure 1.5.  

  

 
 

W(x,y) is the wavefront aberration expressed in Cartesian coordinates,  𝑐𝑛
𝑚  represents the 

Zernike coefficient of order n and frequency m;  𝑍𝑛
𝑚 (x,y) are the Zernike polynomials in 

Cartesian coordinates. Different order and sign convention are described for Zernike 

polynomials. In this thesis the OSA convention is used (Thibos et al. 2002).  

 

 

Fig. 1.5: Zernike polynomials representation up to 6th order.  

 

(eq. 1.1) 
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The LOA  Zernike coefficients  𝑐2
0,  𝑐2

2 and  𝑐2
−2  describe the curvature of the wavefront and 

its astigmatism and several authors have derived conversion formulas to derive the clinical 

refractive error and astigmatism from them. The formulation derived by Thibos et al. 

(Thibos et al. 1997, Thibos et al. 2004) for the positive-cylinder form is shown in eq  1.2.  

 

 

Where M is the spherical equivalent, J0 is the component of astigmatism that has a vertical 

or horizontal axis, J45 is the astigmatic component at oblique axis, and S, C and α would 

correspond to the clinical cylinder, astigmatism magnitude and astigmatism angle used in 

clinical settings. 

HOA, although present in the eye, are not usually measured in clinical practice and their 

influence in retinal image quality is in general lower than for LOA. HOA can be measured 

with aberrometers and cannot be easily corrected with conventional ophthalmic lenses. In 

the current thesis two specific HOA (coma and spherical aberration) were studied to 

evaluate their influence on the optical quality of the eye and optical performance of 

multifocal corrections in chapters 3, 5 and 7. 

Coma, a third-order aberration, is asymmetrical, rendering the images formed on the retina 

a comet-like appearance. Coma generally arises from misalignments of the optical elements, 

particular in presence of spherical aberration.  In this thesis coma was induced to simulate 

as a secondary effect of the decentration of the corneal ablation in LASIK treatment 

(Moreno-Barriuso et al. 2001). 

Spherical aberration is a fourth-order aberration, symmetrical aberration. It produces a 

wavefront with increasing or decreasing curvature from the center of the pupil towards the 

periphery and the image of a point created in the retina is a concentric ring pattern. 

Spherical aberration expands the depth of focus, but also decreases the optical quality (Yi et 

al. 2011, Benard et al. 2011), and correlates with pre-operative spherical error in post-LASIK 

eyes (Marcos et al. 2001, Llorente et al. 2004). In this thesis, the effects of inducing spherical 

aberration on vision with optical corrections were studied in chapters 3, 5 and 6. 

 

1.2.2 Optical quality metrics 

To evaluate the optical performance in terms of optical quality, different retinal image 

quality metrics derived from wave aberration functions have been used. In particular, in this 

thesis we used the Root Mean Square (RMS), the maximum of the Point Spread Function 

(PSF), the value of the Modulation Transfer Function (MTF) at a given spatial frequency, and 

(eq. 1.2) 
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the Visual Strehl ratio (VS). Definitions and details on the calculation of these metrics are 

described below.   

The RMS wavefront error represents the amount of deviation between the perfect (ideal 

sphere) and a real wavefront. Lower values mean flatter wavefront aberration maps, 

generally associated to good optical quality. The RMS is derived directly from the Zernike 

coefficients using expression eq. 1.3: 

 

 

where 𝐶𝑛
𝑚  is the Zernike coefficient with order n and frequency m. 

 

The PSF represents the intensity distribution of a point source as imaged through the optical 
system, and is calculated from the wave aberration (eq. 1.4), using Fourier Optics (eq. 1.5). 
Specifically, the PSF is the square magnitude of the Fourier transform of the Pupil Function 
P(x,y): 

𝑃(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) exp(𝑖𝑘𝑊(𝑥, 𝑦)) 

 

𝑃𝑆𝐹(𝑥, 𝑦) = |𝐹𝑇 (𝑃(𝑥, 𝑦))|
2
 

 

where A(x,y) is the amplitude of the light wave in the pupil, k is the wave number k = 2π/λ , 

W (x,y) is the wave aberration, and FT represents the Fourier Transform. 

The PSF is influenced by blur, diffraction, pupil size, aberrations and scattering of light inside 

the eye. The PSF limited by diffraction (considered as a perfect optical system) is 

represented by the Airy disk.  

 

The Optical Transfer Function is the autocorrelation of pupil function and the Fourier 

Transform of the PSF (eq. 1.6). The OTF is a complex function that defines the loss in 

contrast of a sinusoidal target and that is used in this thesis as an intermediate step to 

calculate the modulation transfer function, which is the modulus of the OTF. 

𝑂𝑇𝐹 = 𝐹𝑇 (𝑃𝑆𝐹(𝑥, 𝑦)) 

 

The Modulation Transfer Function (MTF) is the contrast reduction of the different spatial 

frequencies when an image is formed by optical system. The eye is a low pass filter optical 

system, thus the contrast reduction is larger for high spatial frequencies, which represent 

the image fine details. ISO standards for the optical evaluation of the performance of 

     (eq. 1.3) 

         (eq. 1.4) 

        (eq. 1.5) 

(eq. 1.6) 
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intraocular lenses (11979-2) use the value of this function at different spatial frequencies as 

a threshold to determine IOL quality. In this thesis, the MTF is presented for two spatial 

frequencies (30 and 15 cpd) that are equivalent to 0 and 0.3 LogMAR visual acuity, 

respectively (Iyer et al. 2013). 

𝑀𝑇𝐹 = |𝑂𝑇𝐹|  

 

The Visual Strehl ratio is the volume under the MTF weighted by the neural contrast 

sensitivity function of the human eye, normalized by the diffraction limited value (Iskander 

2006). In the current thesis, we used a neural CSF published in literature (Mannos & 

Sakrison 1974).  

 
Where CSFN is the neural contrast sensitivity function, MTF is the modulation transfer 

function of the eye and MTFDL is the modulation transfer function of a diffraction limited 

system with the same pupil size. 

 

1.3 The aging eye 
Two physiological age-related process affect the optical quality of the eye: presbyopia and 

cataract. Although several solutions are clinically prescribed to compensate their effects, 

none of them restore the lost capability of accommodation.  The search of new treatments 

for presbyopia is one of the most intensive quests in ophthalmology today. Improving 

presbyopia and cataract treatments is a technological challenge in visual sciences. 

 

1.3.1 Presbyopia and cataract 

As described in section 1.1, the crystalline lens has the ability to modify its shape and size to 

change its optical power in a process that is known as accommodation. In an emmetropic 

eye, when the crystalline lens is relaxed the rays focus on the retina and with 

accommodation the lens increases its optical power to image on the retina near objects 

(figure 1.6). In the accommodation process the ciliary muscle is contracted producing an 

increase of the crystalline central thickness, of the lens radii of curvature and of its optical 

power. The eye accommodation is generally accompanied by a convergence movement of 

the two eyes towards the nasal side, and a constriction of the pupil. The combination of 

these three movements is known as near triad (Evans 2021).  

The mechanism by which the eye can adjust the focus has been debated for more than 300 

years and some of the greatest minds in science, including Young (Young 1801), Helmholtz 

(Helmholtz 1855) and Tscherning (Tscherning 1904), described its mechanisms using 

ingenious experiments.  

(eq. 1.7) 

(eq. 1.8) 
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Fig 1.6: Schematic drawing, left relaxed eye for far vision, right accommodated 
eye for near vision to focus the rays on retina crystalline lens increase curvature 

and thickness.  

 

The amplitude of accommodation is the difference in refractive power of the eye between 

the two states of complete relaxation and maximal accommodation. The amplitude of 

accommodation decreases with age (Duane 1922) at a rate of 0.3 D per year approximately 

between 10 and 55 years. With aging, the amplitude of accommodation decreases to the 

extent that near tasks are compromised, a condition that is called presbyopia (which means 

“old eye” in Greek). On average the onset age of presbyopia is around 45 years. With aging 

population, the estimated number of presbyopes around the world are expected to increase 

to 1.8 billion in 2050 (Grzybowski et al. 2020). There are different presbyopia treatments 

which can be adapted according to the patient’s needs, although all have some 

disadvantages. Relevant corrections will be explained with detail in the next section 1.3.2  

A cataract is an opacification of crystalline lens that can lead to blindness if it is not treated. 

Many circumstances such as exposure to UV light, disease (i.e. diabetes) and specific drugs 

can cause cataracts, but age is the most common factor (Petrash 2013). Cataract surgery is 

the only stablished method of treatment and is one of the oldest and most common surgical 

procedures worldwide. The technique had been improved constantly since the fifth century 

(Davis 2016) and today it consists of a replacement the crystalline lens by an intraocular lens 

(IOL).  

 

1.3.2 Presbyopia and cataract treatments  

Spectacles are the most accessible method to correct presbyopia. Monofocal near vision 

spectacles with a single power correct sight at one distance. Bifocal, trifocal or progressive 

addition spectacle lenses which incorporate designs with either two or three areas with 

different power, or a smooth transition between various optical powers respectively, allow 

vision at different distances (Charman 2014). 

Contact lenses can also be used to compensate the effects of presbyopia. Monovision is a 

method in which a monofocal contact lens corrects one eye for distance vision and a 

different contact lens power is used in the contralateral eye so that the eye is corrected for 

near vision. Monovision is most frequently administered with contact lenses, although it is 
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also practiced with intraocular lenses and LASIK. In modified monovision, a multifocal 

contact lens is fitted in one eye and a monofocal is fitted in the contralateral eye. Several 

contact lens manufacturers also offer multifocal contact lenses (MCLs) for presbyopia 

treatment. MCLs are generally refractive designs with are devoted for far and near, 

separated by smooth or more abrupt transition.  

There are some surgical presbyopia treatment methods targeting the optics of the cornea 

by implanting a corneal inlay or removing tissue to change its shape (Moarefi et al. 2017). 

The latter is a form of LASIK, known as PresbyLASIK, uses a laser ablation procedure to 

reshape the anterior cornea such that Depth-of-Focus (DOF) is extended. Two different 

techniques are generally applied: peripheral and central PresbyLASIK. In central PresbyLASIK 

(which we will describe in more detail in chapter 8 of this thesis), the central ablation 

pattern corrects for near vision and peripheral for far, being the most used technique in 

patients (Vargas-Fragoso et al. 2017).  

In Refractive exchange lens (REL) surgical procedures (Alió et al. 2014), the crystalline lens is 

removed (frequently still being transparent), and intraocular lenses are implanted to correct 

refraction and compensate presbyopia.  The ideal implant would be a lens that could use 

the available forces of the ciliary muscle to change its optical power. Although several 

accommodating IOL (AIOL) have been proposed (Harman et al. 2008, de la Hoz et al. 2019) 

to date, there is little evidence of accommodation restoration in patients (Marcos et al. 

2014). However, different strategies involving intraocular lenses are routinely used to 

compensate presbyopia on REL and cataract procedures: monofocal IOLs with spectacles for 

near vision, monovision correcting one eye for far and the contralateral for near, multifocal 

IOLs that superimpose in the retina images at different distances, and extended depth of 

focus (EDOF) IOLs.  

Since the 1970s remarkable advances have occurred in IOL technology, material and design. 

In 1992 the first toric IOL was developed to compensate the astigmatism (Visser et al. 2013). 

The first multifocal IOLs for presbyopia correction were released 1990s, and, as mentioned 

above, different designs of accommodative IOLs are being proposed since late 2000’s. 

Today, there are over 100 IOLs designs available in the market (Rampat et al. 2021), 

manufacturers tend to have a portfolio of lens designs to target different patient needs, and 

the IOL market size was valuated at USD 4.0 billion in 2021. With an aging population and 

the increase of surgeries in undeveloped countries; the expectation of annual growth rate is 

4.8% from 2022 to 2030. IOLs can be classified according to its optical design (monofocal, 

multifocal, extended depth of focus), material (hydrophobic or hydrophilic) and technology 

(refractive or diffractive) as explained below.  

Monofocal IOLs are those in which optical power compensate vision at far. The design of 

these lenses includes usually aspheric designs with negative spherical aberration to 

compensate the positive corneal spherical aberration.  

Multifocal IOLs are designed to provide vision at different distances through the principle of 

simultaneous vision (more than one image is projected at the same time on retina). 

According with the optical principle used to create the multifocality, the IOLs can be 
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classified as refractive or diffractive. In refractive lenses, the power profile is divided in 

zones with different optical powers (such as center near and periphery distance or 

alternative concentric rings) to provide simultaneous vision at two or more distances, or 

continuously change from the center to the periphery of the lens. These IOLs are normally 

pupil-dependent and sensitive to decentration. Diffractive lenses have concentric rings and 

multifocality is achieved by the different diffraction modes. These designs are less sensitive 

to decentration and less pupil-dependent than the refractive profiles, but they are known to 

produce more glares and halos and more loss of light due to scattering.  

Extended depth of focus (EDOF) IOLs are a recent IOL classification (ANSI Z80.35-2018) that, 

in contrast with multifocal IOLs create an elongated focus, rather than several foci, to 

enhance the depth of focus. EDOF IOLs aim to provide good vision from far to intermediate 

distance reducing the photic effects (halos and glare) reported in multifocal IOLs.  

The release of new IOL designs in the market brings to increase understanding of their 

optical properties and the impact of their design on visual quality. In particular, it is 

important to investigate how their optical design couples with the aberrations of the eye in 

normal and abnormal corneas, the effect of IOL tilt and decentration, and  the possibility  

and accuracy of using Visual Simulators to simulate the lenses to study those questions non-

invasively.  In this thesis different studies address these questions with two commercial IOLs 

in particular, the Isopure IOL from PhysIOL-BVI and Acrysof IQ Vivity IOL from Alcon 

(chapters 3 -7). 

 

 

 

1.4 Optical model eyes 
Optical model eye quantitatively describes the eye as an imaging optical system. The first 

realistic schematic model eye was developed by Scheiner in the 17th century and since 

then, these models have been used to predict and explain the optical phenomena in vision.  

Eye models of different complexity (in number of surfaces or in the description of refractive 

index) have been proposed in the literature (Atchinson 2016). In reduced eye models, only 

one refractive surface is used to describe the whole eye, such as in the Emsley model eye, 

figure 1.7 (A). Simplified eye models are composed of three refracting surfaces, one for 

cornea and two for crystalline lens, and example of which is the Gullstrand-Emsley eye, 

figure 1.7 (B). A  model with four refracting surfaces, two for the corneal and two for the 

crystalline lens includes the Le Grand’s full theorical eye, figure 1.7 (C). Some models include 

the internal structure of the crystalline lens, such as the Gullstrand’s No 1. “exact” model 

eye, figure 1.7 (D). Eye models can also be paraxial, valid for small pupils and objects close 

to optical axis, or finite, which in some cases are adapted from paraxial models asphericing 

some of the surfaces or moving its fovea off axis. According to the origin of the data there 

are  population models, in which a generic model eye is built with data obtained from a 
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large population  such as the Dubbelman eye model (Dubbelman et al. 2001, Norrby 2005), 

and customized eye models, where individual data is used to represent a particular eye. 

 

 

Fig 1.7: Schematic model eyes representation. Adapted from Atchinson et al. 
2016.  

 

Two Spanish groups presented customized pseudophakic model eyes in the early 2000s 

(Tabernero et al. 2006, Rosales and Marcos 2007) built with experimental data from 

different instruments. In those models, the topography of the anterior surface of the cornea 

was measured with a Placido ring topographer, the anterior chamber depth and the axial 

length was measured with an ultrasound biometer, and the tilt and decentration of the IOL 

was obtained studying the position of the Purkinje images originated at the cornea and at 

anterior and posterior surfaces of the crystalline lens. The studies showed that the 

aberrations calculated with the custom eye models were comparable to the ones measured 

with a wavefront sensor. A decade later, Sun et al. (Sun et al.2016) showed that Spectral 

Domain OCT could be used to generate full OCT-based  pseudophakic eye models. 

Customized eye models allow to understand the relative contribution of geometrical and 

surgery-related factors to image quality.  

In this thesis we will use different computer pseudophakic eye models to study the optical 

properties of four different intraocular lenses. Their characteristics will be explained more in 

detail at section 2.1. Essentially, a cornea with the average power and spherical aberration 

of the human cornea was built using optimization tools and combined with the studied 

intraocular lenses. Using those models, the through focus performance with the premium 

intraocular lenses was compared with the performance with standard monofocal IOLs. As 



15 
 

will be detailed in section 2.1.2, computer eye models were also used to subtract the optics 

of the cornea and to calculate the IOL phase map. 

 

 

Physical Model eyes for IOLs evaluation 

On bench tests of IOL performance are typically conducted with physical model eyes, and 

international standards (for example ISO 11979-2) dictate the properties of these models, as 

well as the optical quality metrics that IOL design need to comply for commercialization. The 

physical eye models incorporate a lens (acting as cornea) in front of the IOL to be tested so 

that the rays converge onto the IOL mimicking the ray tracing in the human eye.  There are 

two well-known ISO standards, ISO1, in which the “cornea” is a lens with zero spherical 

aberration, and the ISO2, in which the lens simulating the cornea has a 0.28 µm spherical 

aberration for a pupil radius of 6.0-mm. In both cases, the IOL tested is placed inside a 

cuvette whose dimensions are specified in the standard and the MTF values at different 

spatial frequencies (30 and 15 cpd) are reported.  

In this thesis, as will be detailed in section 2.3.3,  the IOL was evaluated on bench using an 

Adaptive Optics system in which the IOL was positioned in a plane optically conjugated with 

the entrance pupil of the eye. In addition, two wavefront shaping devices (a Deformable 

mirror and a Spatial Light Modulator) allowed us to obtain single and double pass images 

when inducing optical aberrations. While some of the methods parallel those described in 

the ISO standards, the aim of the model eyes used in this thesis is not to replicate the 

standards but rather to advance in the methods to simulate correctly vision after surgery by 

predicting the post-operative optics. 

In this thesis, we have evaluated computationally four intraocular lenses using physiological 

eye models that were custom designed for each study performed (explained in section 2.1). 

By comparing the results with a monofocal, or a premium intraocular lens, we draw 

conclusions about the expected differences in real surgeries. 

 

 

 

1.5 Visual simulators 
Visual simulators allow patients to non-invasively experience new optical designs and 

techniques before surgery. This section presents the principles of operation of the visual 

simulators used in this thesis and review a state of the art of different commercial 

simulators.  

 

1.5.1 Adaptive optics  

Adaptive optics (AO) technology was first developed by the US military during the Cold War. 

In early 1990’s, was declassified for use in astronomy for ground-based telescopes to 
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compensate the blur-inducing optical aberrations caused by turbulence in earth’s 

atmosphere. AO was first envisioned by Horace W. Babcock, in 1953 (Babcock 1953); but it 

came into common use in 1990s in several observatories. Today AO is applied are 

astronomy, microscopy (Booth 2007), and ophthalmology. Figure 1.8 shows an example of 

the use of Adaptive Optics in astronomy and in retinal imaging. Current applications in the 

eye are retinal imaging at high resolution (Godara et al. 2010), visual testing (Marcos et al. 

2017) and visual simulators (Fernández 2012). Reviews of the use of Adaptive Optics in 

Ophthalmology can be found (Porter et al. 2006, Hampson 2008, Roorda 2011, Marcos et al. 

2017, Marcos et al. 2020, Marcos et al. 2022).  

 

 

Fig 1.8:  Top: Neptune, imaged testing the Narrow-field adaptive optics mode of 

the  MUSE/GALACSI instrument on ESO’s very large telescope, without Adaptive 

Optics (left) and with (right) (credit: ESO/ P. Weilbacher). Bottom: Image of the 

retina at 4-des eccentricity without adaptive optics compensation (a) and with 

adaptive optics compensation (b) (Liang et al. 1997). 
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Adaptive Optics principle 

In adaptive optics the objective is to dynamically measure the optical aberrations that are 

present in an optical system using wavefront sensing technology and correct them using an 

active wavefront corrector. Adaptive Optics operates in a closed-loop process where the 

wavefront sensor measures the amount of aberrations and the control system modify the 

phase of the wavefront correcting component (either reshaping a deformable mirror or 

through local changes of phase) to correct the wavefront or to induce the desired 

aberration pattern. The AO principle is represented in figure 1.9. 

 

Fig 1.9: Basic scheme of adaptive optics in vision 

 

Wavefront sensor and wavefront corrector 

As shown in figure 1.9, in ophthalmic applications a beam of light is focused on the retina 
and the backscattered light that passes through the ocular media is sampled with the 
wavefront sensor. In this thesis the ocular wavefront used a near infrared beam for 
maximize subject’s comfort, as well as the reflectivity properties of the retina and sensitivity 
of the wavefront sensor detection.  The two main types of sensors that have been used for 
ophthalmic AO systems are Hartmann-Shack and pyramid sensors (Hampson 2008), being 
Hartmann-Shack the most common. The specifications of the Hartmann-Shack used in this 
thesis are described in section 2.3. Essentially, the sensor is composed of an array of lenslets 
(microlenses) conjugated with the entrance pupil of the eye and a detector (CCD camera) at 
the focal plane of the lenslets array. A flat wavefront would focus light behind each of the 
microlenses, on the detector, forming a regular array of spots. When an aberrated 
wavefront passes through the microlenses, the sampled portions of wavefront are focused 
by each lenslet on the detector. If the wavefront is flat and orthogonal to the optical axis, it 
will focus on the focal point of the lenslets. If the wavefront is tilted locally,  the focus will be  
shifted with respect to reference (figure 1.10 (A)). The difference between the shifted spot 
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and reference spot is the local slope of the wavefront. Wave aberrations are calculated form 
local slopes. 

There are two main types of wavefront correctors: deformable mirrors (DM) and Spatial 
Light Modulators (SLM). Both systems work under the principle of phase conjugation, i.e. 
the corrector impose a reverse phase onto the beam to compensate the aberrations. DM in 
the AO system used in this thesis has a reflective membrane with a series of 
electromagnetic actuators to push or pull the membrane according to the applied voltage 
(figure 1.10 (B)). The DM works in a closed- loop with the sensor, and the algorithm 
calculates the amount of voltage that needs to be induced to correct and/or induce 
aberrations. In this thesis the Mirao52E DM from ImagineEyes was used in chapter 4, 5 and 
7 to correct and induce aberrations. The most common SLM are based on LCoS (Liquid 
Cristal on Silicone). Different voltages are applied to each pixel producing a different change 
in the refractive index for each pixel, inducing phase local changes. In this thesis the Pluto 
SLM by HoloEye has been used to simulate the Isopure IOL (chapter 4 and 5) and Acrysof IQ 
Vivity IOL (chapter 7). 

 

 

Fig 1.10: (A) Illustration of an aberration-free wavefront (purple) and an 
aberrated wavefront (yellow) reaching the Hartmann Shack wavefront sensor. In 

microlenses matrix, purple the reference spots from the corrected wavefront 
(center) and yellow the aberrated spots shifted, an illustration of real microlenses 

matrix in AO system measured. (B) Schematic representation of a deformable 
mirror. 

 

1.5.2 Commercial visual simulators 

Visual simulators use AO to correct the eye’s aberrations and simulate vision with perfect 

optics, or (as in this thesis) to simulate prospective vision with a given correction or after a 

surgical procedure that modify the wave aberration. They allow a non-invasive way of 

testing different corrections in subjects and to evaluate their performance. Also, visual 

simulators allow to select the most suitable correction individually.  
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Most AO visual simulators are custom-developed laboratory prototypes (Marcos et al. 2017, 

Marcos et al. 2022), but there are also commercial simulators such as CRX1 by Imagine Eyes 

(France) was a monocular visual simulator based in a DM (Rocha et al. 2010) that is no 

longer in the market; VAO by Voptica (Spain) is a SLM-based monocular simulator (Hervella 

et al. 2019).  

Also, there are commercial visual simulators that are not based on adaptive optics such as 

VirtIOL and ACMIT, that appear to be based on the projection of an IOL in the pupil plane of 

the eye using a cuvette (Studený et al. 2018, Brezna et al. 2016), and simultaneous vision 

simulators that target the simulation of corrections with the visual multiplexing principle. A 

commercial version, the SimVis Gekko by 2EyesVision (Spain) is a wearable, binocular, see-

through and fully programmable simulator based on SimVis technology (Dorronsoro et al. 

2016) and that is explained in more detail in the section 1.5.3. 

 

1.5.3 SimVis technology 

The SimVis technology was developed in the Visual Optics and Biophotonics Lab. The 
technology has evolved, from a two-channel optical bench system combining two badal 
optometers (de Gracia et al. 2013), to a monocular prototype based on spatial multiplexing 
in 2010 (Dorronsoro et al. 2010, figure 1.11) to a wearable binocular helmet based on 
temporal multiplexing (Barcala et al. 2022, Barcala et al. 2022).  

 

 

Fig 1.11: Schematic representation of first SimVis technology prototype: 
monocular two-channel optical bench based on spatial multiplexing, using two 

badal systems. From de Gracia et al. 2013 

 

 

Temporal multiplexing of tunable lenses 

Temporal multiplexing is a novel technique which allows simultaneous vision based on 
tunable lenses (TL) (Akondi et al. 2017). A TL is an optical active element that can change its 
optical power at high speed with an electrical signal and at a frequency that is higher than 
the eye’s fusion flicker frequency (50 Hz) to produce a stimulus on the retina with static 
appearance that is equivalent to simultaneous vision. The use of TL allows new strategies to 
compact optical systems reducing the use of optomechanical elements and increasing the 
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frequency response (Blum et al. 2011). The use of two TL (one per eye) allowed to develop a 
compact binocular wearable helmet as the commercial visual simulator SimVis Gekko (figure 
1.12). 

 

 

Fig. 1.12: Wearable binocular commercial visual simulator, SimVis Gekko, from 

2EyesVision, SL 
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1.6 Motivation 
At the beginning of this thesis, the SimVis technology had been demonstrated to be able to 

simulate IOL multifocal patterns in subjects. The main objective of this thesis was to 

demonstrate the simulation of new IOL designs and presbyopia correction patterns, 

streamlining the calculations of the parameters of the SimVis from the design using the 

geometrical design of the IOLs.  The current thesis focuses in particular in the simulation of 

two new IOLs (Isopure by PhysIOL-BVI and Vivity by Alcon), classified as extended depth of 

focus (EDOF) IOLs, under a new IOL category classification released 2018 (ANSI Z.80.35-

2018). In addition, the capability of SimVis to simulate PresbyLASIK patterns (corneal 

ablation patterns to correct presbyopia) was intended to study as new market application of 

the technology.  

The overarching motivation of this thesis was to provide insights of the performance of new 

presbyopia corrections in the market, and in particular, the validation of the SimVis 

technology for new IOL and corneal refractive corrections. 
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1.7 Open questions 
SimVis is a recent technology in the market and it is essential to investigate its possibilities 

and limitations when simulating new multifocal designs in the market. 

In this thesis we have performed different computational and experimental studies to 

validate the application of SimVis technology to new IOL designs and PresbyLASIK ablation 

profiles.  

The open questions are: 

 

1. Is SimVis technology able to reproduce smooth designs such as the new EDOF IOL? 

In previous works of the group SimVis was demonstrated to simulate accurately 

multifocal diffractive and segmented designs, however, the applicability of the 

technology to simulate the smooth designs of EDOF IOLs was pending. 

 

2. To what extent is the depth-of-focus extended with EDOF IOLs? Is the focus 

expansion maintained in presence of optical aberrations? What is the range of 

applicability of these lenses across eyes with different aberration profiles, including 

post-LASIK eyes? Visual simulators are extraordinarily well suited to answer this 

question, given the possibility to induce aberrations, and to test different lens 

designs on the same subject. 

 

3. Is it possible to simulate PresbyLASIK with SimVis technology? PresbyLASIK profiles 

have never been simulated before in a visual simulator. SimVis technology is a 

powerful tool which has been demonstrated to accurately simulate multifocal 

intraocular lens and contact lens profiles and the technology can be used to attempt 

to simulate the outcome of laser refractive surgery patterns used for presbyopia 

correction.  
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1.8 Goals of this thesis 
The goal of this thesis is to test and validate the ability of SimVis technology to simulate new 

multifocal patterns designs and techniques. 

 

Specific goals: 

- Simulation and validation of the use of SimVis technology for non-diffractive 

intraocular lenses with extended depth of focus.  

 

- Increase understanding of the performance of this new IOL designs computationally 

and experimentally, evaluate the robustness of its performance against ocular 

aberrations and predict the suitability of these IOLs to specific challenging subjects, 

such as post-LASIK subjects. 

 

- Increase the capabilities of simulation of SimVis technology with PresbyLASIK 

simulations.  
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1.9 Hypothesis 
The overarching hypothesis of this thesis are:  

 

- Visual simulators are an ideal tool to test new EDOF IOL performance, allowing 

subjects to experience vision with those new corrections before their implantation 

given an accurate representation. 
 

- Interaction with the individual eye optics affects the performance of IOL in terms of 

Depth of Focus . 
 

- Spherical aberration and subject’s pupil size change the depth of focus and affect the 

IOL performance. 
 

- Increased corneal spherical aberration due to previous LASIK refractive surgery 

affects the performance of new EDOF IOL. 
 

- Visual simulator based on SimVis technology can accurately simulate PresbyLASIK 

patterns. 
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1.10 Structure of the thesis 
The thesis was structured as follows: 

Chapter 1: Introduction. Summarizes of the state of the art of the different topics involved 

in this thesis, visual system, aberrations, optical quality, eye models, presbyopia and 

cataract and their corrections, and visual simulators. Also, the motivation and goals of this 

thesis. 

Chapter 2: Methods. Describes the three common methods that were used for the studies: 

computational simulations, SimVis technology and adaptive optics visual simulator. 

Chapter 3: Computational simulations as a predictor of the behavior of a new refractive 

IOL design: Isopure IOL. Presents computationally results to predict the optical performance 

of Isopure IOL in eye models as a function of corneal power, spherical aberration, tilt, 

decentration and IOL power in terms of optical quality and depth of focus.  

Chapter 4: Evaluating the simulated performance of a new refractive IOL: Isopure IOL. 

Reports measurements with Isopure IOL in an adaptive optics system to evaluate the 

feasibility of its simulation with the optotunable lens and SLM, using the physical IOL in a 

cuvette as a reference.  

Chapter 5: Evaluating the effect of corneal aberrations of Isopure IOL design using 

Adaptive Optics. Presents a study with the physical Isopure IOL and compares the results 

with the lens simulated with SimVis technology to study its interaction with ocular 

aberrations, on bench and with subjects. 

Chapter 6: Computational simulations of the optical performance Acrysof IQ Vivity IOL in 

post-LASIK eyes. Shows the results of a computational study conducted with Acrysof IQ 

Vivity to evaluate the implantation of the IOL in subjects with LASIK surgery performed in 

2000s in comparison with a monofocal IOL (Acrysof IQ) in terms of optical quality, depth of 

focus and halos. 

Chapter 7: Computational and on bench visual simulation of Acrysof IQ Vivity. Describes 

the experimental measurements in an adaptive optics system on bench with Acrysof IQ 

Vivity to evaluate the IOL simulation with the optotunable lens and SLM. 

Chapter 8: SimVis simulation of PresbyLASIK corrections: Computational, on-bench and 

clinical validation of corneal ablation patterns for SimVis Gekko. PresbyLASIK validation 

from its phase map to measurements with the wearable binocular SimVis Gekko in subjects. 

Chapter 9: Conclusions. States the achievements and conclusions of this thesis. 

List of scientific activities 

Bibliography 
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  “Un científico en su laboratorio no es sólo un técnico: es también un niño colocado ante 

fenómenos naturales que le impresionan como un cuento de hadas” 

Marie Curie 
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2 Methods 
 

In this chapter the experimental methodology used in this thesis is described. The chapter 

provides the assumptions and technical details of the computational simulations performed 

during the thesis, and optical layout, control and validations of the optical systems used in 

the thesis (the SimVis technology based on temporal multiplexing, and the adaptive optics 

based visual simulator, previously developed at VioBio Lab and implemented during the 

thesis) and some general computational and experimental protocols, both on bench and 

with patients. 

The main research activity in the I+D department at 2EyesVision S.L. company involved Dra. 

Lucie Sawides (R+D engineer, specialized in the multifocal correction simulations and SimVis 

quality control, director of this thesis), Dr. Enrique Gambra (CTO), José Ramón Alonso-Sanz 

(mechanical engineer), Dr. Carlos Dorronsoro (CEO), Dra. Irene Sisó-fuertes and Dra. Xoana 

Barcala (clinical developers). In VioBio Lab (CSIC), the computer simulations were developed 

with Dr. Alberto de Castro (tenured scientist, specialized in computer simulations and IOLs, 

director of this thesis) and the adaptive optics experiments with, Dra. Clara Benedí-García, 

Dra. María Viñas and Dra. Sara El Aissati (adaptive optics specialists), all under the 

supervision of Professor Susana Marcos (VioBio Lab director, director of this thesis). 
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2.1 Computational simulations 
Optical design is the process of estimating the parameters of a lens or an optical correction 

to solve a problem. In this thesis we used an optical design program, OpticStudio (Zemax, 

Kirkland, WA), which is a well-known ray tracing software that is often used to model the 

human eye. The software allows implementing complex optical systems and calculating 

rapidly optical properties such as the wavefront aberration or the modulation transfer 

function. We developed realistic pseudophakic model eyes with the objective of predicting 

the optics of the eye after cataract surgery. With these computational simulations our aim is 

to provide evidence about the properties of some of the intraocular lens (IOL) of the 

market. Also, we used the software to calculate the information needed to simulate an IOL 

profile in different visual simulators, (based on adaptive optics or temporal multiplexing).  

In some of the works presented here, the idea was to study the performance of an IOL and 

make predictions on the IOL behavior in different conditions (e.g., in post-LASIK eyes, under 

different corneal spherical aberrations, or with tilt and decentration, among others).  

 

2.1.1 Eye model  

A standard average eye model was designed in OpticStudio (figure 2.2) to perform 

predictions in a general population. While some studies (Pérez-Gracia et al. 2020, Oltrup et 

al. 2021) used the cornea defined in the Navarro eye model (Navarro et al. 1985) (corneal 

power of 42.16 D and +0.139 µm SA, 6.0-mm pupil), we decided to optimize the conic 

constant so that our standard eye model corneal spherical aberration (SA) would follow 

accepted standards proposed in the literature (Norrby et al. 2007). In particular, we 

designed a cornea model with a power of 43 D and 0.28 µm of spherical aberration (SA) for 

6.0-mm pupil diameter, which is the average SA found in the population as reported by 

different studies (Wang et al. 2003, Beiko et al. 2007).  

Several standards were developed to evaluate intraocular lenses on bench. One of the most 

well-known, ISO standard (UNE EN ISO 11979-2, 2015) considers acceptable corneal designs 

those whose total effective power fall into the range of 41.5 and 43.5 D; and 2 types of 

model eye to evaluate the optical quality of IOLs described as ISO1 (corneal SA=0 µm) and 

ISO2 (corneal SA=0.28 µm). While there are some differences with the on-bench evaluation, 

that is performed with the intraocular lens in a cuvette and with the cornea simulated with 

a glass lens in air, the power and spherical aberration of our designed cornea fall within the 

range accepted by the ISO2 standard.  

The aqueous and vitreous refractive indices were 1.376 and 1.336 respectively. The pupil 

was placed at a distance of 3.2-mm from the corneal posterior surface and limited the 

entrance pupil diameter.   

 

Cornea Model 

The standard eye model used a cornea model based on literature data and has an index of 

refraction of 1.376 (Marín 2006), a central thickness value of 0.55 mm (Liu et al. 1999), a 
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spherical posterior corneal surface with a fixed radius of curvature of 6.5-mm (Rosales et al. 

2010) and an aspheric anterior surface. A cornea of 43 D corneal power (Klyce 2000, Marín 

2006) and 0.28 µm of corneal spherical aberration at 6.0-mm pupil diameter (Wang et al. 

2003, Beiko et al. 2007) was designed. For a cornea of 43 D total power, the focal length 

calculated was 31.07 mm (f = (n’/43)*1000), 23.255 mm in air, and the anterior surface 

radius was modified and optimized in Zemax to fit the calculated focal length. Then, a merit 

function was programmed to calculate both the RMS focus and the spherical aberration, 

and the radius of curvature and conic constant of the anterior surface was optimized for the 

cornea to get the desired optical power and to have a specific spherical aberration for a 6.0 

mm diameter aperture. Figure 2.1 shows the OpticStudio lens editor with the result of the 

optimization. The anterior corneal radius value calculated was 7.6681-mm, close to the 

average value of 7.7 mm found by Marín (Marín, 2006), and a conic of -0.0667. This cornea 

model was slightly modified for the different experiments when needed, as described in 

chapters 3, 6 and 7. 

 

 

Fig. 2.1: OpticStudio showing the cornea designed for the standard model eye. 
The different windows show, the properties where a 6 mm pupil diameter was 

selected, the Lens Data Editor with the two Standard surfaces defining the 
cornea, the Zernike Coefficients where the spherical aberration is the value 

desired (0.509 waves = 0.28 microns) and the cardinal point data with the focal 
length (calculated in air in OpticStudio). 

 

Pseudophakic eye model 

In the pseudophakic eye model, the anterior chamber depth was set to 3.2 mm (Nemeth et 

al. 2006) and the intraocular lens was placed just behind the pupil. The IOL power depended 

on the study and the eye axial length was calculated using a monofocal IOL, with the same 

IOL power, material, and brand as the IOL under study, as the length for which the rays 

focused on the retina (maximum concentrations of rays, minimum spot size).  

Two premium IOLs were studied and the corresponding monofocal IOL platforms used as a 

reference (and to calculate the axial length of the eye model, associated to a given IOL 

power). The optical designs of the lenses under study were provided by the manufacturer 

under confidentiality agreements. The premium IOLs were the Isopure IOL from PhysIOL-VBI 



31 
 

(chapters 3 to 5) and the Acrysof IQ Vivity IOL from Alcon(chapters 6 and 7). The standard 

reference monofocal IOLs were the Micropure IOL and the monofocal Acrysof IQ SN60WF, 

respectively. 

 

 

Fig. 2.2: 3D layout of a pseudophakic model eye in OpticStudio. 

 

2.1.2 Phase maps and IOL contribution 

We used the term phase map to define the phase change produced when an intraocular 

lens is implanted in a subject. To calculate the phase map for a given IOL, we performed 

simulations and subtracted the aberrations of a pseudophakic model eye from those of a 

phakic model eye using a mesh of 256x256 pixels for a given pupil diameter. This 

methodology was described by Akondi et al. (Akondi et al. 2017) and is represented in figure 

2.4 using a neutral lens to represent the crystalline lens.  

The difference between pseudophakic and phakic model eyes arises from the presence of 

the crystalline lens. To investigate the potential effect of different crystalline lens 

parameters, we studied the phase map resulting when using three different crystalline lens 

models (placed at 3.2 mm from the posterior corneal surface): the neutral lens model, the 

young lens model and the old lens model. These models were built with knowledge on the 

change of spherical aberration with age (McLellan et al. 2001) and to confirm previous 

findings using a different visual simulation methodology (Villegas et al. 2019).   

The Neutral lens model was designed using a paraxial lens that simulated the IOL power 

without introduction of aberrations.  

The Young lens model was designed to simulate a 29-year-old crystalline lens. Its anterior 

radius of curvature was of 11.65-mm, its posterior radius -6.33-mm, and the lens thickness 

was 3.72 mm (Martinez-Enriquez et al. 2017). We used a constant refractive index of 1.41 

(Uhlhorn et al. 2008) and optimized the conic constants in both crystalline surfaces (-4.9847 

and -4.2392) to obtain a spherical aberration of 0.25 µm at 7.32-mm pupil diameter 

(McLellan et al. 2001).  

The Old lens model was built to simulate a crystalline lens of a 79-year-old subject. Its 

anterior radius of curvature was 9.06-mm, its posterior radius -5.74 mm, and its lens 

thickness 4.759 mm (Martinez-Enriquez et al 2017). Its refractive index 1.40 (Uhlhorn et al. 
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2008) and conic constants in both surfaces was optimized (-1.3071 and -1.2951) to get a 

spherical aberration of 0.40 µm at 7.32-mm pupil diameter (McLellan et al. 2001). 

We evaluated the effect of the crystalline lens aberration and ageing on the IOL simulations 

by calculating the phase map of the IOL contribution using the three different lens models, 

neutral, young and old lens and for a 3.0-mm pupil diameter. Figure 2.3 shows the through 

focus performance measured in a high-speed focimeter with the tunable lens (SimVis 

technology), in terms of TFVS, of an IOL phase map evaluated (Isopure 21 D) with the three 

lens models (neutral, young and old).  

 

 

 

 

 

 

 

 

 

 

Fig. 2.3: TFVS of IOL phase map (Isopure IOL), with three different cases of phakic 
eye: old, young, and neutral. 3.0-mm pupil diameter. 

 

Given the negligible differences on the TF performance of Isopure IOL 21 D obtained with 

different crystalline lens models,  we performed all IOL phase map simulations  in this thesis 

using the neutral lens model only (figure 2.4). The derived phase map was then either used 

in custom developed programs to calculate optical quality metrics that would represent the 

contribution of the intraocular lens without the cornea, or to simulate the contribution of 

the intraocular lens in a visual simulator. 

 

 

Fig. 2.4: Schematic representation on how the phase map of the IOL was 
calculated. 
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2.1.3 Optical quality metrics 

To evaluate the optical performance of an IOL, the wavefront aberration map of the 

pseudophakic model eye was exported from OpticStudio into MATLAB (MathWorks, Natik, 

MA) and custom-built scripts were used to evaluate the through focus (TF) Modulation 

Transfer Function (MTF) and the TF Visual Strehl ratio (VS) (figure 2.5).  

The MTF was calculated as the modulus of the OTF (Optical Transfer Function) as described 

in the introduction  (eq. 1.7). We evaluated the contrast reduction as a function of the 

spatial frequency of an image, and specifically at two spatial frequencies, 50 lp/mm and 

100 lp/mm (which correspond to about 15 and 30 cpd for the average human axial length). 

These are the frequencies that are indicated in the ISO normative 11979-2.  

The Visual Strehl (VS) ratio, which quantifies the volume under the MTF at all frequencies 

weighted by the human contrast sensitivity function (CSF), as described in the introduction, 

(eq. 1.8). VS was chosen  as quality metric, as it has been shown to correlate best with visual 

acuity in different studies (Marsack et al. 2004, Iskander 2006).  

TF curves were calculated for MTF (30 and 15 cpd) and VS, as a function of defocus from -2 

to 5 D (in 0.1 D steps) to evaluate the IOL optical performance at different distances. Depth 

of focus (DOF) was calculated from the TFVS curves as the defocus range for which the VS 

metric was above 0.12, as this value was determined to be the limit of normal visual 

function in subjects (Yi et al. 2011). The value corresponds to a visual acuity of about 0.2 

LogMAR (Cheng et al. 2004, Iskander 2006, Yi et al. 2011).  

 

 

Fig. 2.5: Left, 2D wavefront aberration of the pseudophakic model eye implanted 
with Isopure IOL, 21 D, obtained by ray tracing with OpticStudio. Right, the trough 
focus curve calculated with Matlab: Through focus Visual Strehl (pink dotted line), 
and through focus MTF at 15 and 30 cpd (blue lines) for a 4.5-mm pupil diameter. 
The pink horizontal line marks the value of VS equal at 0.12 to calculate the DOF. 
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2.2 Sim+Vis TechnologyTM 

 

2.2.1 Temporal multiplexing 

The Sim+Vis technology is the core of SimVis Gekko, a wearable, programmable, binocular 

and see-through simultaneous vision simulator to simulate any multifocal correction 

(Dorronsoro et al. 2016). It is based on temporal multiplexing. Subjects see through an 

optotunable lens that alternates between different foci at a speed higher than the fusion 

frequency of the human visual system (50Hz) (Watson A B 1986), creating a multifocal 

image of static appearance in the retina by superimposing a focus image with one or more 

defocused ones. Provided with a high-speed driver allowing a complete control of the 

tunable lens, Sim+Vis technology can replicate any through-focus power profile, and the 

corresponding image quality at each distance, provided that we correctly compensate for 

any dynamic effect that could affect the dynamic response of the optotunable lens (TL, EL-

10-30, Optotune Inc., Switzerland) (Akondi et al. 2017; Dorronsoro et al. 2019).  

Figure 2.6 shows an example of simulation by temporal multiplexing of a bifocal lens with 

the energy distributed equally (50%) in two foci, 0 and 3 D (far and near vision respectively). 

TL changes the optical power in a 20 ms period, so the power at far will be presented during 

10 ms and at near during another 10 ms. The temporal pattern is repeated constantly in a 

loop, and the two temporal states of the lens are projected onto the retina that perceives a 

simultaneous bifocal image of static appearance due to the overlap of the focused and 

defocused images projected at high frequency. The possibility of choosing the energy 

balance of different optical powers allows to manipulate the simultaneous vision simulating 

different optical power profiles which reproduce different multifocal optical design (bifocal, 

trifocal, multifocal and EDOF).  

 

 

Fig. 2.6: Representation of TL behavior. A) at left the graph representation of TL 
inducing a +3 D optical power and at right ray tracing representing a positive 

defocus. B) left graph representation of TL inducing an optical power of 0 D and 
right ray tracing representing the lens projecting the rays focused on the retina. 

C) superposition of the two foci on the retina. 
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2.2.2 Characterization of the dynamic response of optotunable lens in a high-speed 

focimeter 

The optotunable lenses (EL-10-30), manufactured by Optotune Inc., Switzerland, were 

dynamically characterized using a high speed focimeter that can calculate the power at 

3.823 kHz (Dorronsoro et al. 2019). In brief, the high-speed focimeter comprises an 

incoherent source of polychromatic light to illuminate a tilted slit (25 µm wide and 3.0 mm 

long), a trial lens holder (those trial lenses are positive and negative thin lenses for an 

optometry trial used for set-up calibration) and an optotunable lens  (EL-10-30, Optotune 

Inc., Switzerland) placed in conjugated pupil planes thanks to 4f systems, a high-speed 

camera (IL5S; Fastec Imaging USA), with a macro-objective (MO; 100-mm f/3.5; Cosina) and 

a prism, key component of the high speed focimeter. This prism covers half of the image of 

the slit and produces a displacement of the slit image that goes through the prism, 

proportional to the optical power induced by the TL, while the rest of the slit constitutes a 

reference image (not displaced when inducing an optical power to the TL). Figure 2.7 shows 

a diagram of the experimental set-up with and without the prism. This system provides 

direct and robust measurements of the TL optical power, and is insensitive to decentrations 

and misalignments. 

 

 
Fig. 2.7: Optical set-up. S: Slit (an incoherent polychromatic light source and a 

diffuser are not shown); L3 and L4, and L1 and L2: 4F projection systems; TrL: Trial 
lenses; TL: Tunable lens; S’: Intermediate slit image; P: (prism); MO: Macro 

objective; HSC: High-Speed camera. (a) Configuration without the prism providing 
a reference image RI. (b) Configuration with a prism in the region of the 

intermediate image S’, providing a displaced image DI, with a displacement 
(concerning the reference) that changes with the axial position of the 

intermediate slit image S’ and therefore changes with the optical power of the 
tunable lens TL. Both configurations co-exist in the same set-up, as the prism P 

only affects one-half of the intermediate image S’ (Dorronsoro et al. 2019, 
Barcala 2021). 

 

The dynamic response of the optotunable lens was characterized by measuring the 

response to square electric input waves of different amplitudes with periodic temporal 

steps (20-ms period) (Akondi et al. 2018, Dorronsoro et al. 2019). The results showed similar 

normalized responses for different step heights and demonstrated a stable and time-

invariant TL response. Nonetheless, the step responses showed over- and under -shoot that 

must be corrected to accurately simulate the multifocal patterns as shown in figure 2.8. To 

correct for the dynamic effect of the lens, the “impulse response” was calculated from the 
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first derivative of the average normalized step response and convolved to the temporal 

profile of the pattern. The method has been explained in detail in previous publications 

(Akondi et al. 2018, Dorronsoro et al. 2019). 

 

  

Figure 2.8: Evaluation of the dynamic effects of an optoajustable lens (EL-10-30, 
Optotune Inc., Switzerland, AQAA1300). Normalized step responses of different 

amplitude and the average response (brown).  

 

2.2.3 Simulation of multifocal patterns with SimVis 

Different multifocal patterns were simulated using the SimVis technology. The input data to 

simulate a pattern can be the IOL design provided by the manufacturer (where the phase 

map is calculated implementing the lens in OpticStudio as explained before  in section 2.4), 

but also from on bench measurements or publicly available TF MTF curves at 15 cpd 

published in scientific articles or in regulatory documents that can be used to estimate the 

TFVS (Sawides et al. 2021). 

In the current thesis, the designs of two IOLs, Isopure and Acrysof IQ Vivity, were provided 

by two manufacturers (Physiol-BVI S.A. and Alcon S.L. respectively) for collaborative projects 

under non-disclosure agreements. The phase map of the IOL contribution was extracted 

following the procedure detailed above (section 2.1.2) from the pseudophakic eye model 

and the neutral lens eye model. Then, the MTF was estimated from the phase map with the 

pupil function using Fourier Optics. TFVS curves were used to evaluate the real performance 

of the multifocal pattern and simulate the IOL through temporal multiplexing. Custom 

routines in Matlab were used to calculate a series of SimVis temporal coefficients, based on 

the equation previously described by Akondi and colleagues (2017). These temporal 

coefficients stand for the weighting factors of a series of defocused monofocal PSFs, 

adjusted to match the TF optical quality of the IOL (real lens TFVS) in an iterative 

optimization procedure to obtain the SimVis temporal profile of the multifocal IOL (SimVis 

lens). 

In parallel, as said in the previous section, the dynamic behavior of the optotunable lens, 

AQAA 1300, was evaluated in order to accurately compensate for the dynamic effects, if 
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any. To correct for the dynamic effects, the TL impulse response function (Akondi et al. 

2018) was used and applied to the SimVis temporal profile of the lens to calculate the 

temporal “corrected wave” in an iterative optimization of the electrical input signal driving 

the lens where some constraints were taken into account (20ms period, temporal 

coefficients of at least 0.1 ms and no more than 150 temporal coefficients to simulate the 

design).  

To validate the SimVis lens simulation, we used the high-speed focimeter previously 

described in section 2.2.2 to evaluate experimentally the TFVS ratio of the SimVis 

programmed lens with and without the dynamic effects correction. The SimVis-programmed 

Lens is validated by comparison of the real and experimental TFVS curves (on average error 

in the Visual Strehl ratio height at peaks was less than 3%), and the peaks of the design are 

not shifted more than 1/8 D from the real multifocal design. The number of temporal 

coefficients varies according to the real lens design and to the TL used to simulate the 

specific design.  

 

 

Figure 2.9: Overview of the pipeline to simulate and validate the simulation of an 
intraocular lens (in the sample Isopure IOL from PhysIOL/BVI for a 4.5mm pupil 

diameter) with SimVis technology.  

 

Once the SimVis simulation performance is validated on the high-speed focimeter, the 
multifocal pattern is ready to be used with the SimVis technology (either with the SimVis 
Gekko binocular visual simulator (as in chapter 8) or with the optotunable lens alone in an 
adaptive optics system described below). 
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2.3 Adaptive Optics System 
The Adaptive Optics System (AO) used was developed in VioBio Lab (CSIC) and incorporated 

different wavefront modulators (deformable mirror and spatial light modulator) as well as a 

channel where an optotunable lens could be implanted to simulate an IOL using SimVis. The 

system allowed the selection of a wide range of illumination wavelengths selected from a 

supercontinuum laser source. The system configuration and applications of the VioBio Lab 

AO simulator are described in an ample number of publications from the group (Viñas 2015, 

Vinas et al. 2015, Vinas et al. 2017, Vinas et al. 2019, Marcos et al. 2020, Aissati et al. 2020, 

Benedi-Garcia et al. 2021) 

 

2.3.1 General description 

Figure 2.10 shows a diagram of the experimental AO system that was described in detail in 
previous publications (Vinas et al. 2017, Benedi-Garcia et al. 2021).  

 

 

Fig. 2.10: VioBio Lab AOII scheme: near infrared (NIR) path (red line); Visible (VIS) 
path (green line); Adaptive optics channel (green line); SLM and testing channel 

(blue line); cuvette (orange line); retinal camera channel (pink line); 
psychophysical channel (yellow line) and pupil camera (purple line) (Viñas 2015; 

Benedi-Garcia 2021). 
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The AO system comprises eight different channels described below: 

1) Illumination channel: A supercontinuum laser source (SCLS, SC400 femtopower 1060 
supercontinuum laser source, Fianium Ltd, United Kingdom), provides the light of 
the system in a wide range of wavelengths from 450 nm to 1020 nm. A dual Acousto-
optic Tuneable filter (AOTF) module (Gooch & Housego, United Kingdom) is coupled 
to the SCLS and controlled by Radio Frequency (RF) drivers to select the desired 
wavelength and intensity (from 450 to 1020 nm) and allows two different outputs 
with collimated beams coupled to two different multimode fibres: one for visible 
light (VIS) and the other for infrared light (IR). The spectral bandwidth is 2-4 nm for 
VIS light and 3-6 nm for NIR light. VIS and NIR illuminate the AO channel path; always 
after any realignment, implementation and/or before measurements on eye for 
experiments, the laser power is measured with a power meter in the corneal plane 
to ensure that laser safety standards are maintained for each wavelength on a range 
from 0.5 to 50 µW (at least one order below ANSI standards) to avoid ocular 
damages (Delori et al. 2017, White et al. 2007, Morgan et al. 2008). VIS light was 
splitted to illuminate the stimulus in the psychophysical channel and to perform AO 
measurements/corrections. In this thesis SCLS light at 555 nm was used to obtain 
retinal images in an artificial eye and illuminate the stimulus to measure the Visual 
Acuity in subjects. IR light to measure the ocular aberrations in subjects. 

 

2) Adaptive optics (AO) channel: the main components are a Hartmann-Shack 
wavefront sensor (HS) and an electromagnetic deformable mirror (DM), placed in 
conjugated pupil planes through a relay of lenses (is possible to use the SLM instead 
the DM to AO loop, in this thesis only DM was used). The HS (HASO 32 OEM, Imagine 
Eyes, France) is formed by a matrix of 40 x 32 microlenses, an effective diameter of 
3.6-mm and centered at 1062 nm. The DM (MIRAO52, Imagine Eyes, France) consists 
of a high quality reflecting membrane (silver coated>98% for 830 nm wavelength) 
with 52 actuators located behind, an effective diameter of 15 mm and a maximum 
generated wavefront amplitude (stroke) of ±50 µm. HS and DM have a magnification 
in the system x0.5 and x2 respectively, considering as reference the pupil of the 
system that is x1. HS and DM work in close-loop, HS measure the aberrations and 
DM correct and/or induce desire aberrations. With the artificial pupil of the system 
(AP), also placed in a conjugate pupil plane, it’s possible to select and set the pupil 
diameter in the measurements to the desired value. AO system has many optical 
elements (figure 2.10), the AO channel correct the system aberrations along 
calibration before measurements, reducing the RMS from 0.45 µm to 0.018 µm at 
7.0-mm pupil diameter. AO closed-loop allows to induce positive and negative 
spherical aberration with the DM in measurements, and measure and correct the 
ocular aberrations in subjects. 

 
3) Spatial light modulator (SLM) channel:  The SLM (PLUTO‐VIS; Holoeye Photonics AG, 

Germany) controls a liquid crystal on silicon (LCoS) active-matrix reflective mode 
phase-only liquid crystal display. Its resolution was 1920 x1080 pixels; 0.7” diagonal; 
pixel pitch: 8.0 µm, the image frame rate was 60 Hz; and the maximum resolution 
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was 62.5 lines/mm; 8 bits. The device was placed in a conjugated pupil plane with x1 
magnification. The SLM was calibrated to be used with a wide range of wavelengths 
in the VIS spectrum (420-700 nm) and a linear polarizer was placed in front of the 
SLM with a specific angle to ensure the optimum output. Applying different voltages 
to the different pixels the phase of the wavefront is modified between 0 and 2π 
allowing to simulate multifocal designs. The SLM can reproduce 256 gray scale levels 
in an image which contains the wrapped phase map that we send through a 
computer from a software package developed in the lab. The IOLs (Isopure and 
Acrysof IQ Vivity) phase maps at different pupil sizes, were mapped into the SLM to 
simulate them. 
 

4) Testing channel: allows to place an active element in a conjugated pupil plane with 
x1 magnification, either placing an optotunable lens to simulate the IOL via temporal 
multiplexing, or placing the IOL in a cuvette or using phase plates for system 
calibration (Vinas et al. 2017). 
 
The optotunable lens (Optotune, AQAA 1300) is aligned in the system with a x-y-z 
stage through a flip mount (implemented by the author of this thesis to validate the 
SimVis simulations in the same session and conditions) and connected to a set of 
drivers and controlled by Bluetooth from the AO computer. 
 
A cuvette was designed and implemented to compensate 20 D of the optical power 
of the IOL (the “old” cuvette only could be used for 0 D IOLs which normally are not 
manufactured) and published in the co-authored publication Benedi et al. 2021. Due 
to the limited space on the system, a second floor was built over the testing channel 
pupil plane using mirrors, flips and a relay of lenses (figure 2.10). In combination 
with the Badal system, it is possible to correct a range of IOL powers from 16 to 24 D. 
The IOL is fixed in a metal mount and immersed in the cuvette filled with distilled 
water (similar eye index refraction).   
 

5) Badal system: consists in two flat mirrors (M4 & M5) and two lenses (L1 & L2, focal 
lengths = 125 mm), mounted on a motorized system to manipulate the focal 
distance to the eye in a range from -8 to 8 D allowing to compensate the defocus of 
the eye in subjects (in myopic and hyperopic eyes), to induce the defocus to perform 
the through focus curves measurements and to compensate the IOL defocus when 
the IOL is measured physically in a cuvette. The Badal system can be controlled 
automatically with a custom-made software or by the subject with a numerical 
keyboard.   
 

6) Psychophysical channel: formed by a Digital Micro Mirrors device (DMD, DLP® 
DiscoveryTM 4100 0.7 XGA, Texas Instruments Incorporated, USA) placed in a 
conjugated retinal plane and controlled by a programable computer graphics system 
for psychophysical visual stimulus generation (ViSaGe, Cambridge research system). 
The DMD is a rectangular array of moving micro-mirrors and allows the presentation 
of high-resolution gray-scale images, illuminated monochromatically by the SCLS, 
combined with a rotatory holographic diffuser (HD) that breaks the coherence of the 
laser to obtain a uniform stimulus illumination. The visual stimulus is a letter of 45 
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pixels, 0.15 degrees angular subtend, equivalent to a VA of 0.3 LogMAR. The 
luminance of the stimulus was 20-25 cd/m2 across the spectral range tested 
psychophysically (450-700 nm). When the measurements are with polychromatic 
light, the DMD is illuminated with a white light source placed in the system with a 
flip-mounted mirror. 
 

7) Retinal imaging channel: images of the beam spot are projected into a CCD camera 
(ORCA-R2, Digital CCD camera, C10600-10B, Hamamatsu Photonics K.K., Japan, 12 or 
16 bit, 1344x1024 pixels, 6.45x6.45 µm pixel size) through a collimated lens (L9, 63 
mm focal length) and a camera lens (L16, 135 mm focal length). The laser beam is 
filtered by a spatial filter (microscope objective (x20), 25 µm pinhole and 50 mm 
focal length) before entering in the eye. This channel is an “one-and-a-half-pass”, 
conjugated in a retinal plane, with the aerial image being the autocorrelation of the 
image of the laser spot with a 2-mm entry beam and 1-mm exit beam. This channel 
is used to get doble pass images of the IOL TF curves.  
 

8) Pupil monitoring channel: A pupil camera (DCC1545M, High Resolution USB2.0 
CMOS Camera, Thorlabs GmbH, Germany) is used to align (and monitor) the 
subject’s natural pupil and the artificial eye onto the adaptive optics system with an 
x-y-z stage, taking the line of sight as reference and using a ring of infrared diodes (λ 
= 900 nm) placed in front of the eye to provide suitable illumination for alignment.  

 

To control the different components of the adaptive optics system, two computers (PC1 and 

PC2) with commercial and custom-built programs are used. PC1 controls the AO channel 

(DM and HS), the pupil monitoring, the Badal system and the illumination channel (power 

and wavelength). PC2 controls retinal imaging Channel, psychophysical channel (DMD and 

ViSaGe), SLM and the CMOS of the artificial eye.  

 

2.3.2 AO calibration 

Different experiments were performed with the AO system to study the optical quality of 

IOLs, to validate on-bench the simulation of the IOL and to perform psychophysical 

measurements on patients. Common procedures are described in this section and specific 

protocol will be described in the corresponding chapter.  

Before each measurement, the system was aligned, the power of the illumination sources 

was measured with a power meter, and a new interaction matrix was built for MIRAO and 

SLM using controller programs (HASO and CASAO).    

The alignment of the cuvette was doublechecked using a 20D IOL to ensure the right 

position of the Rassow lens doublechecking that the result of the through focus optical 

quality of a known trifocal IOL that served as reference was the expected one (no 

movement in the stimulus when projected on the retina of the model eye, absence of 

astigmatic effects, correct location of the three IOL foci with the Badal and best image 

quality at 0 D). 
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The SLM was first aligned using the linear polarizer that provides an optimal output, and 

checked using different known patterns mapped into the SLM. Defocus patterns which were 

compensated with the Badal system and bifocal patterns which were evaluated performing 

through focus curves. The phase map calculated for IOLs simulations (explained in section 

2.1.2) with custom algorithms in Matlab, were evaluated from the multifocal phase maps by 

performing 2π-wrapping such that, Φ = X [mod 2π], where X represents the unwrapped 

phase map and Φ is the wrapped phase map. The generated phase pattern is a grey-scale 

image, where each level of grey corresponds to a certain phase difference in the interval [0 

2π] that is mapped into SLM (figure 2.11).    

 

 

Fig. 2.11: SLM 2π-wrapping phase map pattern for Isopure IOL 4.5-mm. The 
phase map was projected at the position of the optical beam. 

 

SimVis optotunable lens driver uses digital counts to change the power of the lens. First, 

the TL was calibrated to have the relationship between diopters and digital counts using the 

Badal system to induce a defocus in a range from 0 to 5 D in 0.5 D steps and compensating it 

by increasing the digital counts. After the calibration, different IOL patterns (using the 

SimVis lens pattern with the temporal coefficients that define a given IOL) can be correctly 

simulated with the optotunable lens previously validated on the high-speed focimeter (TL 

AQAA 1300). 

To calibrate the retinal camera before measurements, a bifocal multifocal phase plate with 

2 radial zones was placed in the testing channel pupil plane. The bifocal phase plate 

performance was evaluated in the image retinal camera program (figure 2.12) to ensure the 

spot centration in x and y axis, the intensity in the TF images and the absence of saturation 

or irregular spot size, and the position of the focus. 
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Figure 2.12: Image Retinal camera program. Camera always was calibrated with 
a phase plate to ensure the alignment with the x and y axis program diagram, 

intensity with the laser beam diagram and a through focus had been made in the 
bifocal pattern to evaluate that camera objective was on focus. 

2.3.3 On-bench measurements in AO system with an artificial eye 

We evaluated the optical performance of the IOL on-bench (simulating the lens with the 

SLM or the SimVis optotunable lens or with the IOL in cuvette) using an artificial eye aligned 

in the AO system (as it was a subject’s eye) with a 3-D translational stage. The artificial eye 

consisted of a 50 mm focal length achromatic doublet with either a rotating diffuser as 

retina for double pass retinal image quality measurement, or a CCD camera (DCC1240C - 

High-Sensitivity USB 2.0 CMOS Camera, 1280 × 1024, Global Shutter, Color Sensor; Thorlabs 

GmbH, Munich, Germany) that acted as retina to capture images of the projected visual 

stimuli in the single pass experiment. 

For the single pass (1P) experiment, through focus retinal image quality was evaluated. A 

Snellen E letter was displayed in the DMD (letter size of 45 pixels, 0.15 degrees angular 

subtend, equivalent to a VA of 0.3 LogMAR) with a black background and projected onto the 

retina of the artificial eye (i.e. the CCD camera). DMD was illuminated with the 

supercontinuum laser source at 555 nm for green light experiment or with white light. 

Series of images were collected through focus in a range between -4.0 to +1.0 D, in steps of 

0.25 D changing the vergence with the Badal system.  

The optical quality of the IOL design was analyzed in terms of the correlation metric (eq. 2.3) 

that compare the similarity between two images. The through focus images of the degraded 

E letter, seen with the IOL in the cuvette or through the simulated IOL with the SLM or the 

optotunable lens, was compared to a reference image, different according to the three 

different channels used. For Cuvette channel, the reference image corresponds to the image 

in focus on the system without any IOL; for the SLM channel, the reference image was taken 

without any SLM simulation and with the polarizer and on focus image in the system; and 

for the SimVis channel, the reference image was taken with the optotunable lens inducing a 

static 0D optical power.  
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For the double pass (2P) experiment, through-focus double-pass retinal images were 

collected illuminating the eye with a collimated beam changing the vergence of the rays 

with the Badal system between -3.0 and +1.0 D, in steps of 0.25 D, and images of the beam 

spot “in a half past” were collected in the CCD camera of the retinal imaging channel. 

Wavelength illuminating the stimulus was 555 nm, constant laser power and camera 

properties, and ensuring that none of the images were saturated.  

The optical quality was calculated as the average Full Width at Half Maximum (FWHM) of 

the intensity profile of four meridians (0, 45, 90 and 135 degrees) passing through the 

center of PSF images, estimating the lateral extend (in pixels) for which the intensity was 

above half of the maximum intensity of the image. 

The Depth-of-Focus (DOF) on-bench was defined as the range of diopters for which the 

metric (correlation metric and the normalized FWHM,) was above 0.8 (Marcos et al. 1999).  

Additionally, two new metrics were defined: (1) the optical degradation at far, defined as 

ratio between the optical quality at 0D and the optical quality with no IOL (AO system 

without lens nor simulation), (2) the optical benefit at intermediate distance, defined as the 

ratio between the average optical quality with the IOL under study and the optical quality 

with no IOL at intermediate distance (1.5 D).   

 

2.3.4 Experimental measurements on subjects in the AO system 

All the subjects that participated in the different studies signed a consent form approved by 

the CSIC institutional review boards after they had been informed on the nature of the 

study. All protocols met the tenets of the Declaration of Helsinki.  

In all the measurements, the subject’s pupil was dilated, and the accommodation paralyzed 

with tropicamide (1%): 3 drops were instilled at the beginning of the session (spaced every 

10 minutes) and re-instilled every hour. The pupil size in the experiment was always limited 

by the artificial pupil in the system to have the same pupil diameter in all subjects across 

measurements. Measurements were made monocularly, and subjects wear a patch in the 

opposite eye along the measurements. A dental impression was made for each subject and 

mounted in the x-y-z linear stage to align the subject into the AO system and the subject’s 

pupil was monitored during the experiment, controlling pupil centration.  

Subject’s spherical error was measured and corrected with the Badal system before each TF 

curve measurement (astigmatism always was lower than 0.75 D and wasn’t compensated in 

the measurements). Subjects viewed the psychophysical stimuli projected on the DMD, 

illuminated with the SCLS 555 nm or the white light. The subjects had to select their best 

focus (repeated 3 times) by moving the badal optometer with a numerical keyboard while 

looking at a Maltese cross. Spherical refraction was known before measurements, the 

(eq. 2.3) 
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search for the best focus was initiated with 2 D myopic defocus over their spherical 

refraction using a step size of 0.05 D.  

Visual Acuity (VA) was measured using a high contrast tumbling Snellen E letter with 8-

Alternative Forced Choice procedure (8AFC: pointing up, down, left, right, oblique up-right, 

oblique up-left, oblique down-right, oblique down-left) and a QUEST (Quick Estimation by 

Sequential Testing) algorithm was used to estimate the threshold of the minimum 

recognizable letter size (Watson et al. 1983, Brainard et al. 1997, Borgo et al. 2012, Lu et al. 

2013). Subjects indicated the orientation of the E letter (presented for 0.5 seconds) with a 

numerical keyboard, 32 trials were used for each VA measurement (figure 2.12 shows one 

measurement of VA). The VA was calculated as the mean of the last 5 reversals and the 

variability as the standard deviation of those 5 values.  

 

 

Fig. 2.13: (A) keyboard used in the VA measurement with the 8 directions that 
subjects must press according with E letter stimulus orientation. (B) Example of 
QUEST obtained for subject S#8 (chapter 4 and 5) with 32 trials, the red points 

show the reversals, the VA in decimal was calculated as on average of these last 
reversals. The E stimulus images are a visual representation to show how size 

decreases with high score in VA. 

 

Through focus visual acuities were measured in decimal units and converted to logMAR. The 

visual DOF was calculated as the range of defocus for which VA was 0.2 LogMAR or better in 

the near region (negative defocus) (Yi et al. 2011). 

The visual degradation at far and the visual benefit at intermediate distance for subjects 

were calculated using differences visual acuities with respect to a monofocal/no lens 

condition: (1) the visual degradation at far was defined as the difference in VA LogMAR with 

IOL under study at 0 D relative to the no IOL condition, and (2) visual benefit at 

intermediate, as the difference in LogMAR between IOL under study and the no IOL 

condition VA at an intermediate distance of 1.25 D  (Vedhakrishnan et al. 2022).  
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  “Music is the arithmetic of sound as  

Optics is the geometry of light” 

     Claude Debussy 
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3 Computational simulations as a 
predictor of the performance of a 
new refractive IOL design: Isopure IOL 

 

Computational simulations were conducted to understand and predict the behavior of a 
new Intraocular lens in the market, Isopure IOL by PhysIOL (Liege, Belgium), a premium 
monofocal IOL design to improve intermediate vision to provide an extended depth of focus 
(EDOF). A series of different studies were designed in order get a better understanding of 
the optical coupling of IOL and different corneas (in terms of corneal powers and spherical 
aberrations), the impact of tilt and lens decentration on IOL performance and to 
demonstrate the IOL consistency across different IOL base powers. 

The studies were performed as part of a research collaborative agreement with PhysIOL/BVI 
(Liège, Belgium/Waltham, MA, USA), and the IOL design was obtained under an NDA-
protected agreement between PhysIOL and CSIC. 

Preliminary results were presented in IONS Barcelona 2019 as an oral contribution by 
C. Lago under the title “Optical design: Extended depth of focus intraocular lens and 
corneal shape influence”, who was awarded with IONS travel grant, and at ESCRS 2019 as 
an e-poster presented by S. Marcos and entitled “Pseudophakic IOLs: Enlarged-Depth-of-
Focus”. In addition, part of this study was presented at two invited presentations by 
C. Lago: FacoElche 2021 “Principios ópticos Isopure 1,2,3”, and FacOptom 2021 
“Extendiendo el foco, Isopure 1,2,3” ”. Also, a manuscript entitled “Computational 
simulations as a predictor of the performance of a new refractive IOL design: Isopure IOL” 
is in preparation.  

The contribution of the author of this thesis was, with the help of co-authors, the design of 
model eye used in the simulations, the development of the methodology to extract different 
metrics to analyze the Isopure IOL optical quality and to analyze the results. 
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3.1 Introduction 
The category of extended depth of focus (EDOF) applied to an intraocular lens (IOL) is a 

recent classification described in the ANSI Z80.35-2018 standard.  EDOF IOLs aim at 

extending the depth of focus (DOF) of the eye implanted with the IOL, to preserve excellent 

optical quality at far vision (i.e. comparable to a monofocal IOL) while providing similarly 

good intermediate vision. Also, the refractive profile of these IOLs minimizes the photic 

effects that have been described with diffractive multifocal IOLs. According to the ANSI 

standard, the optical performance characterization for an IOL to qualify as EDOF must be 

measured and compared to the optical performance of a monofocal IOL that has the same 

dioptric power for far vision and the optical performance parameters evaluated with: (a) the 

modulation transfer function (MTF) over an optical defocus range that includes the clinical 

function of IOL; (b) the depth of focus range; (c) the MTF characterization at far (0D) with 

decentration and tilt; (d) Unwanted optical / visual effects compared to monofocal and 

multifocal IOL; (e) expected visual acuity at specified defocus values. The Imaging quality of 

EDOF IOLs by measuring its MTF in a model eye (ISO 11979-2, Annex C) for 3.0-mm-

diameter aperture and the manufacturer shall have the option of setting the minimum MTF 

specification based on either the area under the curve between two spatial frequencies or 

the MTF value found at 50 cycles/mm (15 cpd) or greater.  

Typically, IOLs are designed and tested on generic computational and physical eye models, 

where the cornea represents the corneal average power and spherical aberration. In most 

cases, the IOL is simulated or placed in the optical axis. Extrapolating the performance of 

IOLs, particularly EDOF IOLs, to eyes with different amounts of corneal spherical aberration, 

or in the presence of IOL tilt and decentration is not straightforward, in part because many 

of these lenses are based on the induction of spherical aberration.  In the current chapter, 

we study with the aid of computational simulations the optical performance of the Isopure 

IOL when combined with corneas of different power and spherical aberration and in 

presence of different values of tilt and decentration.   

Previous work in our lab has resorted to customized eye models, where anatomical 

information of corneal elevation data, measured IOL tilt and decentration and eye rotation, 

axial distances, etc… is incorporated in the eye models. Corneal topographies were obtained 

either from videokeratoscopy (Rosales et al. 2007, 2008) or OCT (Sun et al. 2014). IOL tilt 

and decentrations were obtained from Purkinje imaging (Rosales et al. 2010), Scheimpflug 

imaging (de Castro et al. 2007) or OCT (Sun et al. 2014). Wave aberrations from ray tracing 

on these eye models matched experimental wavefront measurements from aberrometry, 
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and allowed deeper understanding on the individual contributions of 

geometrical/anatomical feature to optical degradation.  

Unlike standard model eyes that used fixed amounts of SA and are rotational symmetry, 

custom model eyes use experimental anatomical data to capture the individual’s complexity 

and variability. Testing the Isopure IOL in realistic pseudophakic eye models will anticipate 

optical performance of the new IOL in different eyes and assess the relative impact of the 

different factors contributing to image quality. The general purpose of the current chapter is 

the evaluation of the performance of the Isopure IOL computationally in realistic eyes.  

The calculations of the through focus performance with the Isopure IOL entailed the design 

of a model eye in which the performance (optical quality and DOF) was studied for: (1) 

different corneal powers, (2) different corneal spherical aberrations, (3) realistic values of 

IOL tilt and decentration, and (4) different IOL powers ranging from 10 to 35 D. Optical 

simulations were also conducted to generate the wavefront map to represent the Isopure 

IOL in a Spatial Light Modulator (SLM) (Vinas et al. 2017), and following proprietary 

protocols at 2EyeVision, to generate the specific temporal coefficients that represent the 

Isopure IOL by temporal multiplexing using an optotunable lens (SimVis Technology, 

Dorronsoro et al. 2016). Part of the results generated in this study will be used in the on-

bench evaluation of the Isopure IOL and on patients below in chapters 4 and 5. 

 

 

 

3.2 Methods 
3.2.1 The Isopure and Micropure intraocular lenses  

Isopure IOL is a bi-aspheric refractive optics lens, with a specific surface design to provide a 

good optical quality at far vision, and an intermediate visual improvement with respect to 

monofocal IOLs without inducing photic effects. This lens works under the Isofocal 

technologyTM, patented by VioBio Lab (CSIC) and developed by Physiol-BVI. Anterior and 

posterior surfaces are aspheres with aspheric coefficients optimized up to the 10th order in 

each surface, represented in figure 3.1 (Fernández et al. 2013, Marcos 2019). The IOL had 

been designed using a multiconfiguration approach, optimizing a retinal image quality 

metric (spread of spots in the retinal spot diagram) for both far and intermediate distances, 

while keeping performance relatively independent of the pupil size (Fernández et al. 2013). 

The optimization was individually performed for each IOL power, on computer eye models 

with variable axial lengths. IOL material is a G-free (glistening-free), hydrophobic acrylic 

material patented by Physiol-BVI. According to the manufacturer, the IOL has a diameter of 

11 mm, UV and blue light filter, its refractive index is 1.53 and its Abbe number 42. 
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Fig. 3.1: Left, optical design of Isopure IOL based on conics of high order in both 
surfaces. Right, ray tracing of elongation of focus; central rays focus on a single 

point but peripheral rays convergence around this central focus (Courtesy of 
Christophe Pagnoulle). 

Micropure IOL is a biconvex aspheric monofocal IOL manufactured by Physiol-BVI. It has the 

same material; hydrophobic acrylic material (G-free), index of refraction 1.53 and Abbe 

number 42, as Isopure IOL and its diameter is 11 mm. Hence, the difference with the 

Isopure IOL is only the optical design of its surfaces. The optical performance with both IOLs 

was compared in the situations described below.  

 

3.2.2 Eye model  

Pseudophakic computer model eyes were designed with the ray tracing optical design 

program OpticStudio (Zemax, Kirkland, WA), as explained in chapter 2 (section 1). In each 

eye model the axial length was adjusted so that the retinal spot size was minimum 

(maximum concentrations of rays). The IOL power used for the computational simulations 

was 21 D (unless otherwise specified, section 3.3.4).  

The starting point of our eye model was detailed in Chapter 2 (section 1). Basically, a 

standard model of the cornea of the human eye with 43 D and 0.28 µm of SA (for a 6-mm 

pupil diameter) was used. However, in the current chapter, we used different parameters 

and conditions:   

 

Corneal power 

IOL studies usually determine the optical quality of an eye model as a function of the 

entrance pupil. However, as the corneal radius is more convex, the optical power of the 

anterior surface of the cornea increases and refracted rays are more convergent 

illuminating less area of the IOL, which could influence the IOL performance. Three model 

corneas with three different corneal powers, 39, 43 and 47 D, were constructed to assess 

the performance of Isopure IOL. The power values were selected based on literature (Marín. 

2006). As in previous studies by the group (Rosales et al. 2006, Rosales et al. 2007) we kept 

the posterior radius of curvature constant (6.5 mm) and optimized the anterior radius of 

curvature to find the desired power. The radius of curvature of the anterior surface of the 

cornea found remained within physiological values, i.e., between 7 and 8.6 mm (Dubbelman 

et al. 2002), and the anterior corneal asphericity was optimized in each model to keep the 

corneal spherical aberration equal to 0.28 µm for a 6.0 mm entrance pupil diameter (Wang 

et al. 2003, Beiko et al. 2006). The radii of curvature and conic constants found are shown in 

Table 1. 
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Table 1: Optical design parameters on anterior corneal surface for the three 
different corneal powers of 39, 43, and 47 D. 

 

 

Spherical aberration and pupil size 

It is well known that the pupil diameter and the spherical aberration influence the depth of 

focus (DOF) value (Metcalf 1965, Campbell 1957, Charman et al. 1977, Marcos et al. 1999, 

Rocha et al. 2009, Benard et al 2010, Yi et al. 2011, Xu et al. 2015). We studied the influence 

of spherical aberration and pupil size using the 43 D cornea model and a nominal corneal 

spherical aberration of 0.28 µm for a 6.0-mm pupil diameter (Wang et al. 2003, Beiko et al. 

2006) which would correspond to 0.08 µm for a 4.5-mm pupil diameter using Zernike 

polynomial scaling formulas (Schwiegerling 2002). To evaluate the influence of SA on the IOL 

performance, 10 different values of spherical aberration were added to the cornea model 

ranging from -0.50 µm to +0.50 µm in a 0.1 µm step for a 4.5-mm pupil diameter, and the 

corneal SA was evaluated at two pupil diameters (3.0 and 4.5-mm).  The range of values was 

selected to exceed the range of expected corneal spherical aberrations. For example, the 

range of spherical aberrations found in normals was from 0.28 µm (Wang et al. 2003, Beiko 

et al. 2006) and the range of induced with LASIK surgery (Marcos et al. 2001, Llorente et al. 

2004), when converted to 4.5 mm pupil, is from 0.14 to -0.18 µm.  

 

IOL Tilt and decentration in comparison with Micropure IOL  

IOL tilt and decentration impact, to some extent, the optical quality in the pseudophakic 

eye, Although the surgical technique is in constant evolution IOL centration, tilt and 

decentration still occurs as reported in literature (Rosales et al. 2006, de Castro et al. 2007, 

Rosales et al. 2007, Rosales et al. 2010, Ale et al. 2011, Wang et al. 2013, Perez-Merino et al. 

2018). While tilt and decentration appear to be primarily driven by the pre-operative 

crystalline lens centration, some designs appear to be more susceptible to tilt and 

decentration than others (Marcos et al 2014).  

The tilt of an IOL was simulated in the pseudophakic model eye with either the Isopure IOL 

(21 D) or the Micropure IOL (21 D) with cornea model of 43 D corneal power and 0.28 µm of 

SA at 6.0-mm pupil diameter. Based on literature data (de Castro et al. 2007), the average 

tilt found after cataract surgery is about 2.5 degrees. We evaluated the optics when the IOL 

was centered and at 2.5- and 5-degrees tilt, corresponding to the average and twice the 

average value, as shown in figure 3.2 (A). The mean decentration found was 0.5 mm and we 

evaluated 0.5 and 1.0 mm, see figure 3.2 (B). The optics of the model was studied for two 

different pupil diameters, 3.0 and 4.5 mm, and the effect of tilt and decentration evaluated 

in terms of optical quality (MTF at 15 cpd) and depth of focus. 
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Fig. 3.2: Three layouts from OpticSudio of the model eye inducing tilt (A) and 
decentration (B). On the left the centered IOL, in the middle the IOL with a mean 
value of tilt (2.5 degrees) or decentration (0.5-mm), and on the right the IOL with 

twice the mean value of tilt (5 degrees) and decentration (1.0-mm).  

 

IOL power 

In clinical practice, the IOL power that fits each patient to compensate defocus, is calculated 

when planning the cataract surgery with formulas that use eye parameters such as the 

corneal radius of curvature, its axial length or, in the most advanced formulas, the thickness 

of the crystalline lens (Olsen 2007, Xia et al. 2020, Marcos et al. 2021).  For this reason, all 

the IOLs designed by manufacturers include a catalog with a wide range of IOL powers and 

the same optical performance. The Isopure IOL designed by PhysIOL is available with optical 

powers ranging from 10 to 35 D. In this study, we evaluated the optical performance of the 

Isopure IOL for four different powers: 10, 15, 21 and 35 D, when they were combined with 

different corneal spherical aberration (0, 0.14 and 0.28 µm).  

 

3.2.3 Metrics 

We used the optical metrics mentioned in chapter 2, to evaluate the optical performance of 

Isopure IOL. The wavefront map of each model eye was exported from OpticStudio into 

MATLAB (MathWorks, Natik, MA). Custom-built scripts were used to calculate the through 

focus (TF) Modulation Transfer Function (MTF) at two spatial frequencies: 30 and 15 cpd. 

These specific frequencies were selected because they are the spatial frequencies used to 

evaluate IOLs following the ISO standard (ISO 11979-2, also in ANSI Z80.35-2018). The TF 

Visual Strehl (VS) was also calculated to evaluate the optical performance. VS quantifies the 

volume under the MTF at all frequencies weighted by the human contrast sensitivity 

function (CSF) and has been shown to correlate well with visual acuity in different studies 

(Marsack et al. 2004, Iskander 2006).  

The TF MTF (30 and 15 cpd) and VS were calculated from -2 to 5 D (in 0.1 D steps) to 

evaluate the IOL optical performance at different distances. DOF was estimated from the TF 

VS curve by calculating the defocus range in which the VS metric was above 0.12 (Yi et al. 

2011). As said before, this value was selected because it was found to be a limit for a correct 
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visual function in subjects and correlates with 0.2 LogMAR in Visual Acuity (Cheng et al. 

2004, Iskander 2006). 

 

3.3 Results 
3.3.1 Isopure IOL performance across corneal powers 

Figure 3.3 shows the phase maps of the model eyes implanted with the 21 D Isopure IOL for 

three different corneal powers (39, 43, and 47D) and two pupil diameters (3.0 and 4.5-mm). 

As expected, for the smaller pupil diameter, the phase map is a cropped version of the 

central phase map for 4.5 mm.  

 

 

Fig 3.3: Phase maps extracted directly from OpticStudio with different corneal 
power of 39 D (left), 43D (middle) and 47 D (right), and two pupil diameters of 

3.0-mm (upper row) and 4.5-mm (lower row). All the wavefront maps are in the 
same scale and expressed in waves.  

 

Figure 3.4 shows the TF MTFs (30 and 15 cpd) and the TFVS in model eyes implanted with 

the Isopure IOL (21 D), for the three different corneal powers (39, 43 and 47 D), and the two 

pupil diameters (3.0 and 4.5-mm). 
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Fig. 3.4: Through focus curves of the MTFs at 30 cpd (dark blue) and 15 cpd (light 
blue) and the VS (dotted pink), with increasing corneal power from left to right 
(39, 43 and 47 D) and two pupil diameters, 3.0-mm (upper row) and 4.5-mm 
(lower row). The pink horizontal line marks the value of a VS = 0.12, used to 

calculate the IOL DOF. 

 

Figure 3.5 shows the maximum MTFs at 30 cpd (A), at 15 cpd (B), maximum VS (C) at far and 

DOF in diopters (D) for the different corneal powers and pupil diameters studied. For 3.0-

mm pupil diameter, all the metrics evaluated (maximum values of MTF and VS, and DOF) are 

higher than for 4.5-mm and remain relatively constant with corneal power, whereas for 4.5-

mm pupil diameter, the maximum values of MTFs at 30 and 15 cpd and VS slightly increased 

with corneal power (from 0.34, 0.49 and 0.62 (39D) to 0.40, 0.61 and 0.75 (47D) for MTF at 

30cpd, MTF at 15 cpd and VS respectively) and the DOF decreases with increasing corneal 

powers from 2.23 D (39D) to 2.02 D(47D).  
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Fig. 3.5: Maximum MTF at 30 cpd (A), at 15 cpd (B), maximum VS at far (C) and 
DOF (D). The solid bar represents the results for 3.0-mm pupil diameter and the 

streaky bar for 4.5-mm pupil diameter. 

 

3.3.2 Corneal spherical aberration and pupil diameter 

In total, eleven different model corneas were used, with induced corneal spherical 

aberration ranging from -0.5 to 0.5 µm in 0.1 µm step (added to the mean cornea model 

and calculated for a 4.5-mm diameter) and corresponding to asphericities ranging from -

2.81 to 1.91. Figure 3.6 shows the TFVS curves for the eleven SA conditions (the “0” value 

stands for the mean cornea with 0.28 µm of SA at 6.0-mm pupil diameter, 0.08 µm at 4.5-

mm) and the two pupil diameters of 3.0 and 4.5mm. Overall, the induction of positive 

spherical aberration produced a shift of the highest VS peak toward negative defocus, and 

negative spherical aberration shifts the peak toward positive defocus. 
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Fig. 3.6: TFVS curves at 3.0-mm pupil diameter (A) and 4.5-mm (B) for the 11 
induced SA ranging from -0.5 µm to 0.5 µm in 0.1 µm step (values of SA induction 

were calculated for 4.5-mm; 0µm SA induction correspond to the mean model 
cornea). Grey dotted line shows VS=0.12 to calculate the DOF. 

 

To evaluate the performance of the IOL with the different amounts of induced SA, the 
maximum value of VS and DOF were calculated in all conditions, as shown in figure 3.7. The 
figure also shows the range of values found in patients after LASIK surgery to correct 
preoperative spherical error between -4.5D (medium myopic eye) and 4.5D (medium 

hyperopic eye), 0.14 to -0.18 m (Marcos et al. 2001, Llorente et al. 2004), plotted as red 
vertical lines.   

VS decreased with SA induction. As expected, this effect was higher at 4.5-mm pupil 

diameter because the amount of SA is larger. VS ranged from 0.46 to 0.99 and 0.19 to 0.91 

for 3.0 and 4.5-mm respectively. DOF increased with the induction of SA, ranging from 2.7 

to 4.2 D and from 1.8 to 3.7 D for 3.0 and 4.5-mm pupil diameters respectively. For 4.5mm 

pupil diameter and a +0.1 µm induced SA, the maximum VS was higher than for 0 SA 

induction, probably because the induced SA compensated the negative IOL SA.  
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Fig. 3.7: Representation of the maximum value of VS (purple bars) and DOF 
(green bars) for different induced corneal SA and two pupil diameters, (A) 3.0-mm 

(dashed bars) and (B) 4.5-mm (solid bars). Yellow lines show the cornea with no 
SA induction (represent a mean cornea of 0.28 µm calculated at 6.0-mm pupil 

diameter, corresponding to 0.08 µm at 4.5-mm and -0.008 µm at 3.0-mm). The SA 
induction was made in a range of 1.0 µm (from -0.5 to 0.5 µm, in 0.1µm step). 

Dotted horizontal purple line shows the maximum value of VS (1.0). Vertical red 
dotted lines show the values of SA in post LASIK corneas with preoperative 

spherical error from -4.5D to +4.5 D (from medium myopic to medium hyperopic 
refractive error). 

 

3.3.3 IOL tilt and decentration - Isopure and Micropure IOLs 

Figure 3.8 shows the phase maps extracted from OpticStudio (Zemax) with the Isopure 

(upper row) and Micropure (lower row) IOLs, centered (on axis) and with different levels of 

decentration (0.5 and 1.0-mm in horizontal axis) and tilt (2.5 and 5 degrees in y axis). All 

analysis as a function of tilt were performed for 3 and 4.5-mm pupil diameters. For the IOL 

decentration, 3 and 3.5 instead of 4.5 mm diameters were used to avoid tracing rays outside 

of the optical zone of Isopure IOL, 4.6-mm. 

 

 

Fig. 3.8: Representation of the phase maps extracted directly from OpticStudio 
(Zemax) of pseudophakic model eye with Isopure and Micropure IOLs implanted, 
IOL on axis, with a decentration of 0.5 and 1.0-mm in horizontal axis, and with a 

tilt of 2.5 and 5 degrees in y axis. All wavefront maps are in same scale, expressed 
in waves, for 4.5-mm for centered and tilted IOL and 3.5-mm for IOL decentration. 



59 
 

Figure 3.9 shows the variation of the DOF and the maximum value of the MTF (15 cpd) when 

inducing a 2.5- and 5-degree tilt in the Isopure and Micropure IOL position, for two pupil 

diameters (3.0-mm and 4.5-mm). The Isopure IOL showed to be less sensitive to tilt than the 

monofocal Micropure IOL and the effect of tilt was mainly visible for 4.5-mm pupil diameter. 

The DOF of the Isopure was mainly maintained at 2.3D with maximum differences below 

0.1 D, whereas for the Micropure, the DOF changed between 1.7 and 2.1 D at the expense 

of a decrease in the maximum optical quality (as seen in the MTF decrease in Fig 3.9 right).  

At 3.0-mm pupil diameter, the DOF difference between IOLs was below 0.05 D, and slightly 

increased from 2.8 to 2.95 D. In terms of optical quality, the MTF at 3.0-mm was similar for 

both IOLs (0.76 for Isopure IOL and 0.79 for Micropure) and decreased when tilted about 

the same amount (0.07 and 0.06 for Isopure and Micropure IOL respectively). As before, we 

found that Isopure IOL was less affected by tilt (with tilt MTF decreased 0.05, from 0.43 to 

0.38, with Isopure and 0.24, from 0.81 to 0.57, with Micropure IOL).  

 

 

Fig. 3.9: Effect of tilt on the Isopure (purple) and the Micropure (blue) IOLs in 
terms of DOF (left) and maximum value of MTF 15cpd (right), for two pupil 

diameters, 3.0mm (dashed line) and 4.5-mm (continuous line). Two values of tilts 
were evaluated: 2.5- and 5-degrees in y-axis. 

 

Figure 3.10 shows the effect of IOL decentration. Unlike the results found with tilt, 

decentration affects more the performance of Isopure IOL when compared with the 

monofocal Micropure lens.  DOF increased from 2.75 and 2.5 D (on axis) to 3.45 and 3.05 D 

(for 0.5mm decentration) to 3.7 and 2.9 (1.0 mm decentration) on average for 3.0 and 3.5 

mm respectively. The maximum MTF value decreased from 0.79 and 0.76 on axis to 0.29 

and 0.23 for 1.0 mm decentration for 3.0 and 3.5-mm pupil respectively. 
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Fig. 3.10: Effect of decentration on the Isopure (purple) and the Micropure (blue) 
IOLs in terms of DOF (left) and maximum value of MTF 15cpd (right), for two pupil 

diameters, 3.0mm (dashed line) and 3.5-mm (continuous line).Two values of 
decentration were evaluated: 0.5 and 1.0-mm horizontally. 

 

3.3.4 Performance of different IOL powers 

The performance of the Isopure IOL was evaluated in terms of the DOF and the maximum 

TFMTF at 15 cpd, for four different IOL powers (10, 15, 21, and 35 D), for three different 

model corneas with corneal SA of 0 µm, 0.14 µm and 0.28 µm (calculated for a 6.0-mm pupil 

diameter) and for two pupil diameters (3.0-mm and 4.5-mm). Figure 3.11 summarizes the 

results. In general, for 3.0-mm pupil diameter, there were no changes when different IOL 

powers or corneal SA were simulated. In contrast, for 4.5-mm, the DOF decreased, on 

average 0.4 D (from 2.4 D to 2.0 D) with increasing corneal SA; the largest decrease was 

found for the 10D (0.5 D) and 15 D (0.65 D) IOL power. The maximum MTF increased by 0.25 

on average (from 0.34 to 0.60) whith corneas with increasing SA, with the largest change 

found for the 15 D IOL (0.39).  This results agreed with the ones presented in section 3.3.2 in 

figure 3.7, because DOF increased with induced negative SA and TFMTF peak value was 

maximum for the average cornea of 0.28 µm SA. 
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Fig. 3.11: DOF (A) and maximum MTF value at 15 cpd (B) for the Isopure IOL of 
four different powers: 10 D (red), 15 D (yellow), 21 D (purple) and 35 D (green), 

and for three different corneal spherical aberration of 0, 0.14 and 0.28 µm 
(represented on the x-axis). Two pupil diameters were analyzed: 3.0-mm (dashed 

line) and 4.5-mm (continuous line). 

 

 

 

3.4 Discussion 
The optical performance of a new refractive IOL, Isopure IOL from Physiol-BVI, was 

evaluated using pseudophakic eye models designed with OpticsStudio in Zemax, in a wide 

range of conditions, using different model corneas, with different corneal powers and 

corneal spherical aberration. The effect of tilt and decentration was also estimated using 

realistic post-operative values, and the optical performance through different IOL powers 

was evaluated for different pupil diameters and amounts of spherical aberration.  

The studied corneal powers ranged from 39 to 47 D to analyze the whole range of corneal 

power found in the literature (Marín 2006) and have found to have a low influence in the 

IOL behavior. In terms of optical quality, at 4.5-mm pupil diameter, the trend in all metrics is 

to increase the optical quality when the corneal power increased, with an average increase 

of 0.10 in MTF when the cornea power changed from 39 to 47 D, which could be explained 

by the smaller axial length of the models with higher cornea power. In terms of DOF, higher 

values were found with lower corneal power (39 D). This could be expected because DOF 

increases with the effective focal length of the system. However, the differences were small 

and at 4.5-mm, DOF difference between the models with 39 and 47 D corneas was only 

0.21 D. In all cases, DOF was higher than 2.0 D.  

We illustrated in the graphs the range of spherical aberration values that could be expected 

in subjects that had undergone LASIK surgery two decades ago. There is a tendency to use 

EDOF IOLs for those patients with abnormal corneal SA due to the IOL negative spherical 

aberration which could compensate the excess of ocular spherical aberration produced by 

LASIK surgery. In a range of spherical aberrations expected for subjects that had undergone 

LASIK surgery to correct from -4.5 D to +4.5 D of spherical error, +0.14 to -0.18 µm for a 4.5-
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mm pupil diameter (Llorente et al. 2004), we found that the IOL maintains a good 

performance with a DOF ranging from 1.82 to 2.8 D and a VS ranging from 0.33 to 0.99 

across the conditions studied. 

As said before, in ISO standards to evaluate the performance of IOLs two model corneas are 

defined: ISO 1 in which the cornea spherical aberration is zero, and ISO 2 with a corneal 

spherical aberration of 0.28 µm. Those value for ISO2 is equivalent to the one of the average 

corneas that we designed and the value for ISO1 cornea could be reproduced studying the 

situation when -0.1 µm of SA at 4.5 mm, which would compensate the corneal aberration, 

was induced. In both situations the IOL holds a good balance of DOF and optical quality: DOF 

values are 2.7/2.37 D for ISO 2 and 2.8/2.32 for ISO 1 (3.0 and 4.5-mm pupil diameter 

respectively); and VS values are 0.99/0.52 for ISO 2 and 0.95/0.50 for ISO 1 (3.0 and 4.5-mm 

respectively). 

We evaluated computationally the optical performance of the Isopure IOL for the average 

literature value of 2.5 degrees of tilt, 0.5-mm of decentration, and twice the amounts and 

found that the Isopure is more stable to tilt than the monofocal IOL. However, decentration 

strongly affected both the optical quality and DOF of the Isopure IOL. In a study of IOLs 

decentration and tilt by computer simulations (Eppig et al. 2009) concluded that image 

quality sensitivity depended on the IOL design. The findings of Eppig et al. and the ones 

reported on a study by Perez-Gracia et al. 2020, where on bench monofocal IOLs with 

different amount of spherical aberration were analyzed inducing different amounts of tilt 

and decentration, are that decentration affect more the MTF value than tilt, and that 

misalignment affect more IOLs with higher values of SA, in agreement with our results since 

Isopure IOL SA is higher (more negative) than Micropure IOL and is less affected by tilt.  

We did not find differences between the optical quality of eye models with different IOL 

powers or different amounts of SA for 3.0-mm pupil diameters. However, for 4.5-mm pupil 

size, DOF and optical quality (in terms of MTF at 15cpd) resulted in a decrease in DOF and 

increasing MTF value with induction of SA that was more pronounced in the low power IOLs. 

The change in DOF and MTF could be explained because of the compensation between the 

corneal and IOL spherical aberration.   

Isopure IOL was studied at two pupil diameters, trying to simulate photopic conditions with 

the 3.0-mm pupil and mesopic with 4.5-mm. Pupil diameter is affected by light and by age 

(Guillon et al. 2016) and 4.5-mm is a reasonable maximum pupil size for the typical cataract 

surgery patients. An on-bench study performed by Physiol (personal communication), show 

an increase of DOF with the ISO 2 cornea, which agreeing with our findings. 

Part of the computational studies has been performed experimentally to validate the 

computational predictions with the physical IOL provided by Physiol-BVI and the simulated 

Isopure IOL, in next chapters: 4 and 5. 
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3.5 Conclusion 
The Isopure IOL was studied through computational simulations to evaluate the optical 
performance of the lens. Four complementary studies were performed to predict the 
behavior of this new IOL design: (1) corneal power influence; (2) spherical aberration 
induction to know its influence on IOL performance and the suitability implantation for post-
LASIK subjects; (3) tilt and decentration impact of Isopure IOL in the pseudophakic eye; (4) 
evaluation of lens optical performance in a power range from 10 to 35 D. In these studies 
different eyes were models were built according with the optical parameters to study. As a 
conclusion of the computational evaluation of Isopure IOL: 

• Isopure IOL holds a good balance between optical quality and DOF. For 4.5-mm pupil 
diameters, MTF was higher than 0.5 and DOF larger than 2.0 D. 

• A change in corneal power has low influence in Isopure IOL behavior. 

• An increase of MTF and a reduction of DOF was found for some values of corneal 
spherical aberration.  

• Isopure IOL keeps a good performance with corneas with SA expected in post-LASIK 
subjects, showing that more than spherical aberration rules the IOL behavior. 
However, experimental and clinical studies should be done in this direction to 
confirm the suitability of this IOL for post-LASIK subjects.  

• Isopure IOL performance is affected by decentration but is stable against tilt. 

• A stable IOL behavior was found across a range of Isopure IOL powers studied.   

 

 

In this chapter Isopure IOL was evaluated computationally to predict it behavior in different 

clinically relevant conditions. The next chapter will present the simulation of the IOL in an 

Adaptive Optics system and the feasibility to experimentally simulate Isopure IOL with 

SimVis technology. 
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4 Evaluating the simulated performance 
of a new refractive IOL: Isopure IOL 

 

 

The Adaptive Optics system was used in this chapter as a tool to experimentally validate the 

feasibility to simulate the Isopure IOL with different visual simulator components: the 

spatial light modulator and the optotunable lens for simultaneous vision simulation (SimVis 

technology). Different measurements were performed to experimentally validate the 

simulation of the Isopure IOL on bench and in 10 young subjects.  

Part of this study was presented in FacoElche 2021 as an invited presentation entitled 

“Principios ópticos Isopure 1,2,3” and in FacOptom 2021 as invited speaker in a round table 

entitled “Extendiendo el foco, Isopure 1,2,3” by C. Lago. 

The contribution of the author of this thesis includes literature search, to set up the new 

cuvette channel, white light source and SimVis driver’s implementation on the Adaptive 

Optics system, to calibrate and align the AO system, to design the protocols, perform the 

measurements, analyze the data and write the article.  
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4.1 Introduction 
The increase in IOL designs in the market is paralleled with the interest in testing the optical 

performance of the new designs. The simulation of the post-operative vision with visual 

simulators is a non-invasive technique, ideal to study the perception with new designs even 

before the manufacturing process. Most visual simulators are laboratory prototypes based 

on AO (Fernandez et al. 2009, Sawides et al. 2011, Vinas et al. 20217), and some are 

commercially available such as VAO (Hervella et al. 2020) by Voptica, based on SLM, and 

SimVis Gekko (Dorronsoro et al. 2016) by 2EyesVision, a simulator that is not based on 

Adaptive Optics  but use the concept of temporal multiplexing at high speed to simulate 

multifocality (Akondi et al. 2017). Visual simulators allow subjects to experiment with vision 

before the physical correction is implanted or adapted, and to select the design which result 

in the best optical performance before adaptation or surgery (Vinas et al. 2019, Barcala et 

al. 2022).  

Previous works of the group have shown the accuracy of the representation of diffractive 

and segmented lenses with a spatial light modulator or with temporal multiplexing using an 

optotunable lens with SimVis, the technology behind SimVis Gekko from 2EyesVision. In 

those works, the through-focus visual acuity (TFVA) in subjects with the simulated IOLs pre-

operatively matched with the post-operatively TFVA with the corresponding implanted IOL 

(Vinas et al. 2017, Marcos et al. 2020). Comparisons were performed on the same phakic 

subjects with IOLs of zero-based power inserted in a cuvette (Vinas et al. 2019) and 

projected onto the subject’s eye and the simulated IOL (with SimVis and with SLM). In a 

recent publication, we presented a new simulation channel where subjects could see 

through an IOL that was placed in a cuvette and projected on the eye with a modification of 

the Rassow lens-based system to eliminate the IOL base power taking into account the 

magnification of the entrance pupil with respect to the pupil (Benedí-García et al. 2021). A 

good correspondence was found between the on-bench evaluation and the subject’s visual 

performance with 3 different physical IOLs in the cuvette (monofocal Podeye IOL, diffractive 

trifocal FineVision IOL and refractive extended depth of focus Isopure IOL, all by BVI-

PhysIOL).  

The study of Benedí-García et al. was the starting point of this experimental chapter, where 

the performance of Isopure IOL (21D IOL power) immersed in the cuvette was studied with 

the AO system. The measurements performed with the physical intraocular lens placed in 

the cuvette were considered as a reference to compare with the simulations performed 

with the SLM or the optotunable lens using SimVis technology.  

Computational simulations were performed to calculate the IOL phase map to simulate the 

Isopure IOL on the SLM, and to calculate the temporal coefficients to simulate the IOL with 

optotunable lens. In this chapter, the temporal coefficients calculated to describe the IOL 

performance with the optotunable lens, and the procedure to correct the dynamic effects of 

the optotunable lens were experimentally validated with the high speed-focimeter 

described in chapter 2. On bench through focus (TF) measurements in an artificial eye and 

on subjects were obtained with (1) the IOL physically immersed in a cuvette, (2) the phase 

map of the Isopure IOL mapped onto a SLM, and (3) the temporal multiplexing IOL 
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simulation applied to the optotunable lens. The effect of pupil diameter on the IOL 

performance was tested in all conditions, for two pupil diameters of 3.0 and 4.5-mm.  

4.2 Methods 
Adaptive Optics System  

We used the custom developed AO Visual Simulator described in section 2.3. In brief, the 
following channels have been used: (1) Illumination channel with a Super Continuum Laser 
Source (SCLS) with selectable emission wavelength to illuminate with green light of 550 nm; 
(2) the AO-loop channel that comprises the Hartmann-Shack wavefront sensor and the 
deformable mirror (DM) to compensate for the aberrations of the optical system; (3) the 
SLM channel to simulate the IOL mapping its phase map; (4) the testing channel with either 
the physical IOL placed in the cuvette, or the optotunable lens (SimVis technology) 
simulating the IOL; (5) the Badal system to induce defocus to either compensate the defocus 
in subjects or study their through focus performance; (6) the psychophysical channel using 
the Digital Micromirror Device (DMD) to present a visual stimulus that was illuminated with 
the supercontinuum laser source through a diffuser filter; (7) the double-pass retinal 
imaging capture, to register the images of a circular object projected onto the retina and 
imaged back onto a CCD camera; and (8) the pupil monitoring channel to align the eye into 
the system.  

 

Intraocular lens and cuvette 

All measurements were performed with the Isopure IOL (PhysIOL-BVI, 21D) (Fernández et al. 
2013, Marcos 2019), whose optical design has already been described in chapter 3. In 
essence its surfaces were described by high order conic coefficients with the objective to 
provide good far vision and enlarge the depth of focus to improve intermediate vision with 
respect to a monofocal IOL.  

The cuvette had a metallic support where the IOL was mounted and immersed in distilled 
water. The Rassow lens was placed at an optical distance twice its focal length (120-mm) 
from the IOL plane and was designed to compensate a 20 D IOL power in a conjugated pupil 
p lane. In this study the Isopure IOL power was 21 D and the Badal optometer was combined 
with the Rassow system to compensate the IOL residual defocus of 1 D. The Isopure IOL was 
projected on the entrance pupil of an artificial eye (on bench measurements) and on the 
subject’s eye pupil.  

 

Fig 4.1: Illustration of IOL mounted in the metallic support inside the cuvette. 
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Spatial Light Modulator (SLM) 

The SLM was placed in a conjugated pupil plane to project the IOL simulation in the 
entrance pupil plane of the subject or the model eye. For the Isopure IOL simulation in the 
SLM, the phase map representation of Isopure IOL profile were calculated at two pupil 
diameters, (3.0 and 4.5-mm) presented in figure 4.2. These phase maps were used for 
mapping into the SLM and to simulate the IOL. 

 

SimVis channel 

The temporal coefficients of Isopure IOL were calculated to simulate the lens with the 

optotunable lens at two pupil diameters (3.0-mm and 4.5-mm). The simulation mimics the 

Through Focus Visual Strehl ratio (TFVS) of the real IOL calculated from the IOL phase map. 

An optotunable lens (Optotune AQAA, reference number 1300) was first characterized in 

the high-speed focimeter (measuring its dynamic response), to compensate the dynamic 

effects of that particular optotunable lens. The IOL SimVis simulation with the compensation 

of the dynamic effects was experimentally validated with the high-speed focimeter 

described before (Akondi et al. 2017, Dorronsoro et al. 2019). Finally, the optotunable lens 

(AQAA 1300) was inserted in the testing SimVis channel of the AO system in a conjugated 

pupil plane to project the simulation in eye.  

 

No IOL condition 

In order to study the extension of focus with and without Isopure IOL design, the through 

focus curve was obtained without an intraocular lens. In the cuvette channels, flip mirrors 

were set up to bypass the cuvette when desired. 

 

On bench measurements with an artificial eye 

Through focus one pass (1P) and double pass (2P) measurements were performed with an 

artificial eye to evaluate the IOL optical performance with the different active elements 

(SLM and optotunable lens) in comparison with the IOL immersed in the cuvette that was 

used as a reference. For 1P measurements, the retinal image quality was studied obtaining 

images of E Snellen as stimulus, projected on the DMD, with the CCD camera of the eye 

model. A series of TF images ranging from -4.0 to +1.0 D, in steps of 0.25 D were collected 

changing the vergence with the Badal system. For 2P measurements the retinal images were 

collected in a retinal plane conjugated with the eye, using as illumination source a 

collimated beam to project a point onto the retina, and changing the vergence of the beam 

between -3.0 and +1.0 D. in steps of 0.25 D. All measurements were performed at 3.0-mm 

and 4.5-mm pupil diameter illuminating the stimulus with 555 nm light and with constant 

laser power and camera properties ensuring that none of the images were not saturated.  
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The data was analyzed as follows: for 1P on bench measurements, the optical quality was 

measured in terms of the correlation metric, defined as the cross correlation between the 

image obtained with the condition studied and the reference image. For 2P retinal images, 

the optical quality metric used was the Full Width at Half-Maximum (FWHM) of the retinal 

spot. To evaluate the optical behavior in comparison with the no IOL condition, optical 

degradation at far and the optical benefit at intermediate, defined as the ration between 

the optical quality with the lens and the one in the no IOL condition, was calculated. The 

Depth-of-Focus (DOF) was calculated for the normalized FWHM on bench as the range of 

diopters for which the metric was above 0.8 (Marcos et al. 1999). An ANOVA test was used 

to evaluate statistical differences across conditions. 

 

Subjects and measurement protocol 

The study was performed on ten 10 young subjects (9 females and 1 male, average age 29.8 

± 3.4 years, and average spherical error of -0.17 ± 1.10 D). Astigmatism was less than 0.75 D 

in all subjects. Measurements were obtained under cycloplegia (tropicamide 1%). All 

protocols met the tenets of the Declaration of Helsinki. Subjects consented after they had 

been informed on the nature of the study, protocols and implications of their participation. 

Subjects viewed the psychophysical stimuli projected on the DMD, illuminated at 555 nm, 

through the selected active element which simulate the IOL: (1) real IOL immersed in the 

cuvette, (2) SLM with the IOL phase map, (3) the optotunable lens to simulate the IOL with 

SimVis technology or (4) no IOL condition. The aberrations of the system were corrected 

with the deformable mirror. The subject’s eye pupil center was aligned with the optical axis 

of the system with an x-y-z stage and stabilized with a dental impression on a bite bar and 

monitored with the pupil camera. The subjects selected their best focus (repeated 3 times) 

by moving the mirrors of the Badal optometer with a numerical keyboard while looking at a 

Maltese cross (as stimulus). The search for the best focus was started inducing 2 D of 

myopic defocus over their spherical refraction using a step size of 0.05 D. The search for 

best focus was repeated before each TF VA measurements with the conditions of the 

measurement.  

The Visual Acuity (VA) was measured using a tumbling E letter with an 8-Alternative Forced 

Choice (8AFC). Subjects indicated the orientation of the E letter (presented for 0.5 seconds) 

with a numerical keyboard. The orientation and size of E letter was calculated according to 

the subject’s response with a QUEST (Quick Estimation by Sequential Testing) algorithm (Lu 

et al. 2013, Watson et al. 1983, Borgo et al. 2012, Brainard et al. 1997). In this study 32 trials 

and 20 reversals were used for each VA measurement. The result was calculated as the 

mean of the last 5 reversals and the variability as the standard deviation of those 5 values. 

The data for these studies (presented in chapter 4 and 5) were collected in three sessions 

that lasted 210 minutes each. 

The accuracy of the simulations was assessed with the RMS difference between the through 

focus curves obtained with the model eye between different simulation devices. The DOF 

was calculated from the TF curves as the range in which the defocus (in the near region, i.e. 
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negative defocus) for which VA was 0.2 LogMAR or better (Yi et al. 2011). The Visual 

degradation at far and optical benefit at intermediate (Vedhakrishnan et al. 2022) were 

compared across simulators and to the IOL in comparison with no IOL condition. An ANOVA 

test was used to evaluate statistical differences across conditions. 

4.3 Results 
4.3.1 Isopure phase map 

The Isopure (21 D) phase map is represented in Fig 4.2 for two pupil diameters (3.0 and 4.5-

mm). These phase maps were mapped in the SLM for IOL simulation.  

 

 

Fig. 4.2: Phase maps representing of Isopure IOL profile for 21 D, at two pupil 
diameters (3.0 and 4.5-mm). Units of the phase map are waves (0.55 nm). 

 

4.3.2 Isopure IOL simulation with SimVis technology and validation with the high-speed 

focimeter 

The temporal coefficients that best mimic the Isopure IOL visual performance, in terms of 

visual Strehl ratio, were calculated for two pupil diameters (3.0 and 4.5-mm) using the 

procedure described in chapter 2 where the TFVS of the IOL ("real lens TFVS”) was assessed 

from the phase map of the IOL contribution. The SimVis simulation was first computationally 

validated (comparing the “real lens TFVS” and the “SimVis TFVS”) with custom Matlab 

programs and experimentally validated using the high-speed focimeter (“experimental 

SimVis TFVS”). As shown in figure 4.3, the experimental SimVis TFVS (orange) matches the 

SimVis TFVS (red) and the real lens TFVS (blue), for the two pupil diameters. 
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Fig 4.3: TFVS for Isopure IOL 21 D at two pupil diameters, 3.0 and 4.5-mm. Blue 
represent the real lens TFVS; Red the SimVis TFVS of Isopure IOL that mimics the 

real lens, and orange is the experimental TFVS of Isopure IOL validated in the 
high-speed focimeter with the optotunable lens dynamic effects compensated.  

 

4.3.3 Experimental through focus retinal images (E-stimulus and double pass) 

Through focus images (4 D range, every 0.25 D steps) were collected in the single pass (1P) 

double-pass (2P) configuration. Examples of the image series are shown in figure 4.4 for 3.0-

mm (A) and 4.5-mm pupils (B); the no IOL condition and the three simulators: Cuvette, SLM 

and SimVis; are represented. 

 

(A)-Through-Focus one pass (1P) and double pass (2P) images series Isopure IOL for 3.0-mm 
pupil diameter: 
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(B)-Through-Focus one pass (1P) and double pass (2P) images series Isopure IOL for 4.5-mm 
pupil diameter: 

 

Fig. 4.4: TF series of single-pass images of an E-letter stimulus (top images) and 
double-pass images of a spot (bottom images) in an artificial eye, through the no 
IOL condition (upper, black box) and Isopure IOL in the cuvette (purple), Isopure 

IOL simulated with the SLM (green) and in Isopure IOL simulated with the 
optotunable lens (SimVis channel) (orange).  (A) for 3.0-mm pupils; (B) for 4.5-mm 

pupils. All data are for monochromatic green light 555 nm. 

 

These TF images are a sample of the optical bench measurements (E letter-stimulus and 

retinal imaging) taken in the AO system. The figure (A) represents measurements at 3.0-mm 

of Isopure IOL simulations using the cuvette, the SLM and the SimVis channel (purple, green 

and orange respectively), and no IOL condition (black). In the images, it is visible that the 

range in which image quality is enough to identify the E stimulus, i.e. the DOF, is larger for 

Isopure (around 1.50 D larger) than for the no lens condition (around 1.00D) for 3.0-mm 

pupil diameter. In the image (B) the results for 4.5-mm pupil diameter are shown. The DOF 

is visibly higher for 3.0-mm than for 4.5-mm pupil diameter where a slight reduction in DOF 

to around 1.5 and 0.75 D for Isopure and no IOL respectively can be observed. 

Figure 4.5 shows the evaluation of the performance of the simulated Isopure IOL. IOL on 

cuvette (purple), SLM (green), and SimVis (orange) simulations were compared to the no IOL 

condition (grey) using the correlation metric (single pass configuration, left), the FWHM 

metric (double pass configuration, middle) and the RMS differences between simulators 

(right) for 3.0 and 4.5-mm pupil diameters.  The three simulators (cuvette, SLM and SimVis) 

were in good agreement with an average RMS difference between simulators lower than 
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0.10 and a maximum RMS difference value for 1P images of 0.037. The metrics through 

focus curves show a similar tendency between simulators and the DOF of the simulated 

Isopure is higher than for the no IOL condition. As expected, at far the Isopure IOL 

simulations have slightly less optical quality in comparison with no IOL condition, as 

predicted by computer simulations in chapter 3. 

 

 

Fig. 4.5: TF correlation metric for 1 pass E-letter stimulus (left) and FWHM for 
double-pass retinal imaging of a point (middle) for the different simulating 

platforms (Cuvette (purple line), SLM (green line) and SimVis (orange line)) in 
comparison with no lens condition (gray line). Right, RMS difference between 

simulators. All the results are presented in two pupil diameters for 3.0 (top) and 
4.5 mm (bottom). 

 

The DOF was calculated from the TF 2P curves (fig 4.6) and, as said before, was defined as 

the range in negative diopters from the maximum value (which was placed at 0 D, 

corresponding far vision) to 0.8 (Marcos et al. 1999); with FWHM normalized values.  
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Fig. 4.6: DOF value of retinal imaging TF, calculated as the range of diopters from 
peak in the curve located at 0D (far vision) to values in the negative part above or 

equal to 0.8. DOF was calculated for two different pupil sizes: 3.0-mm (dotted 
bars) and 4.5-mm (solid bars) and for the No lens condition (grey) and IOL 

simulations: Cuvette (purple), SimVis (orange) and SLM (green). 

 

Figure 4.6 shows the DOF calculated for the 2P image series for the four conditions (no IOL, 

Physical IOL in cuvette; IOL simulated with SLM and IOL simulated with SimVis) for the two 

pupil diameters. On average across simulators, the DOF was higher for 3.0-mm pupil 

diameter (1.33±0.03 D) than for 4.5mm (1.05±0.05 D), and in comparison with the no IOL 

condition, increases by 0.28 and 0.25 D for 3.0-mm and 4.5-mm respectively. 

 

4.3.4 Experimental measurements on subjects  

Figure 4.7 shows the through focus visual acuity in a range of +1 to -2 D, on average across 

the ten young subjects that participated in the study, using either the IOL in cuvette 

(purple), the IOL simulated with the SLM (green) or the SimVis technology (orange), or no 

IOL in the system (grey), for two different pupil diameters. The RMS difference was 

calculated and used to evaluate the simulation accuracy between simulators.  

 

 

Fig. 4.7:TFVA curves, on average across 10 subjects, for the four different 
conditions (Cuvette, purple; SLM, green; SimVis, orange line and no lens, grey) for 

3.0-mm (left) and 4.5-mm (middle) pupil diameter. Right: RMS difference 
between simulators. 
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VA at far decreased in comparison with the no IOL condition although LogMAR values were 

always negative. On average for all simulators, VA at far was -0.12±0.10 and -0.09±0.02 

LogMAR; for 3.0 and 4.5-mm pupil diameters and the difference with the no-IOL condition 

was 0.03 and 0.07 LogMAR. The accuracy of the simulation, that was assessed by the RMS 

difference of the TF curves between simulators for the entire focus range, was always below 

0.05, indicating a good agreement between simulators.  

To evaluate the IOL performance the Visual Degradation at far and Visual Benefit at 

intermediate distance (80-cm) were calculated. The results are as show in figure 4.7 (A). 

Visual degradation at far was calculated subtracting the LogMAR VA at far with the Isopure 

IOL simulation from the LogMAR VA at far for the No IOL condition, and Visual Benefit at 

intermediate subtracting the LogMAR VA at intermediate distanced with the Isopure IOL 

simulation from the LogMAR VA at intermediate for the No-IOL condition. DOF was 

calculated as the range of diopters above 0.2 LogMAR VA (Yi et al 2011) form far (0 D) to 

negative values and compared across and no IOL condition at two pupil diameters (figure 

4.8 (B)). 

 

 

Fig 4.8: (A), Results of Visual degradation at far (negative values) and Visual 
benefit at intermediate (1.25D, positive values) which describes the performance 

of Isopure IOL physically in a Cuvette (purple) and simulated with SLM (green) and 
SimVis (SimVis). (B) DOF calculated from TF VA curves as range of diopters above 
LogMAR 0.2, for Isopure (cuvette, SLM and SimVis) and no IOL condition. These 

metrics were calculated for two pupil diameters: 3.0 mm (dotted bar) and 4.5 mm 
(solid bar). 

 

The Isopure lens was designed to provide an extension of DOF, but consequently, as it’s 

shown in figure 4.8 (A), it produces a slight degradation of optical quality at far distance, 

always lower than 0.10 LogMAR (in the cuvette, SLM and SimVis technology). The results 

show that Isopure IOL would reduce visual performance at far (negative values of visual 

degradation at far, meaning that VA at far should be lower than the one obtained with a 

monofocal lens); but improving performance at intermediate distance (positive values of 
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visual benefit at intermediate, meaning that VA at intermediate distance is higher with 

Isopure lens).  

In figure 4.8 (B) the DOF is largest for 3.0-mm pupils; on average across simulators 1.92 D ± 

0.32D and 1.63±0.45 D for VA in subjects (Isopure IOL and No IOL respectively). DOF 

decreases for Isopure IOL at 4.5-mm pupils 0.32 D on average across simulators (1.60 D ± 

0.21D) although always present higher DOF than No IOL condition. 

 

 

 

4.4 Discussion 
In this study, we explored the simulation feasibility on the optical and visual performance 

with a commercial Extended depth-of-focus (also known as premium monofocal IOLs), the 

Isopure IOL (BVI-PhysIOL) using three active elements in an AO system: the physical IOL 

immersed in a cuvette, IOL phase map mapped in an SLM, and IOL simulated with a SimVis 

with temporal multiplexing. Visual simulators are excellent tools to investigate new IOLs 

design visual performance as they allow non-invasive direct measurement of visual 

performance and comparing different conditions in the eye of a subject. 

Monofocal and multifocal IOLs with different materials were simulated with visual 

simulators and a good agreement was observed between the predicted visual performance 

before surgery and the post-operative measured visual performance (Fernandez et al. 2009, 

Vinas et al. 2019). In addition, other studies had shown the good correspondence in TF 

visual performance among physical phase plates with multifocal designs and physical IOLs 

immersed in a cuvette and SLM or SimVis technology simulating those IOLs (Vinas et al. 

2017, Vinas et al. 2017). Recently, we have proved the similarity between IOLs computer 

simulations and projected IOLs with standard power (20-22 D) immersed in cuvette 

removing the optical base power using a modified Rassow telescope (Benedi-Garcia et al. 

2021). In this chapter we present the results of the simulation of Isopure IOL with a SLM and 

SimVis technology, and compare them with the results immersing a 21 D IOL in a cuvette 

projected in the pupil plane of an artificial or on the subject´s pupil. The cuvette IOL TF 

performance was considered as a reference and compared the TF performance found with 

simulators: SLM and optotunable lens. An additional no IOL condition had been measured in 

phakic eyes with paralyzed accommodation to mimic a monofocal IOL, although some 

variability with respect to a true monofocal IOL might be expected associated to intersubject 

differences in the crystalline lens aberration.  In addition, we evaluated the effect of pupil 

diameter on Isopure IOL performance at 3.0 and 4.5-mm. All measurements were 

performed in an artificial eye and subjects. 

As expected from its EDOF design, the Isopure IOL expanded depth of focus with respect to 

the no IOL condition, as shown both on-bench and in subjects (figures 4.5 and 4.7).  We 

found an increase of DOF by 0.28 D on average across simulators in comparison with no IOL 

condition (0.28 and 0.29 D for 3.0-mm; 0.25 and 0.30 D for 4.5-mm; for 2P and VA 
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respectively). In a on bench study by Physiol available the brochure in BVI medical, on bench 

measurements at 3.0-mm of the Isopure IOL in comparison with a monofocal IOL 

(Micropure) show an extension of 0.26 D DOF of Isopure over the monofocal, which fits with 

our finds of 0.28 D DOF extension at 3.0-mm for on bench 2P measurements in comparison 

with no IOL condition. In a study by Bova et al. 2022, reported 0.25 D increase DOF of 

Isopure over a monofocal IOL; in a study on 84 subjects implanted binocularly with the 

Isopure IOL and a monofocal IOL (12 months post-op), from binocular photopic VA defocus 

curves, and the reported 1.5 D DOF. The similarity is remarkable, despite some differences 

between our study and that of Bova et al, including our younger cohort (mean age in their 

study was 71.33 ± 7.91 and 29.8 ± 3.4 years in our study), pupil diameter (natural pupil on 

their study), a comparison with an aspheric monofocal IOL (TECNIS PCB00 IOL (Johnson and 

Johnson Vision, AMO Groningen BV). 

Our visual performance results also agree well with those in 18 pseudophakic subjects 

implanted with the Isopure IOL from a recent study by Stodulka et al. 2021. The reported 

post-op VA in that study was -0.02 LogMAR binocular at far, and 0.14 LogMAR binocular at 

1.25 D (80 cm), to be compared with our results on average across simulators -0.11±0.01 

and -0.09±0.07 LogMAR at far, and 0.08±0.01 and 0.13±0.0 at 1.25 D for 3.0 and 4.5-mm 

respectively (figure 4.6). Our results at intermediate distance for 3.0-mm, fit well with a 

study by Morris et al. 2022, 0.07±0.12 LogMAR at 70 cm. The slightly better performance in 

our group may be associated to our use of monochromatic light (in a previous study we 

showed a comparable gain from using monochromatic instead of white light illumination for 

targets viewed monocularly than from binocular summation for targets viewed binocularly 

(Vinas et al. 2019) or our younger group, compared to a post-cataract surgery population 

(69.4 ± 6.9 years in Stodulka et al). The slight decrease of performance at far (less than 10% 

on bench and 0.1 LogMAR, figure 4.6 and 4.7) is compensated by a gain at intermediate 

distances (figure 4.4 and 4.7, for on bench and subjects). 

The effect of IOL performance with two pupil diameters was studied, DOF increase at lower 

pupil diameter around 0.30 D on average across simulators, 1.33 D and 1.92±0.15 D LogMAR 

at 3.0-mm and 1.05 D and 1.60±0.09 D LogMAR at 4.5-mm, for on bench measurements (2P) 

and subjects respectively (figure 4.5 and 4.7). This is in agreement with the BVI medical 

Isopure IOL brochure that also show on bench measurements where the DOF with Isopure 

IOL is enlarged 0.22 D from 4.5 to 3.0-mm pupil diameters. 

The study further demonstrates the use of the AO visual simulators to understand 

prospective performance with IOLs prior to intraocular lens implantation. Also, we assessed 

the quality of the IOL simulation, the multi-channel nature of the system allows simulating 

the IOL in SLM and SimVis lens. The results of our study indicate a good accuracy of the 

tested EDOF IOL simulations suggesting that this IOL can be used in visual simulators as 

SimVis Gekko without significant differences in performance.  

A potential limitation of the study is the fact that it was conducted in a relatively younger 

population than the intended target for this lens. Since crystalline accommodation was 

paralyzed pharmacologically and the pupil limited by a 3.0 and 4.5-mm artificial pupil, two 

major properties of aging (presbyopia and pupillary miosis were mimicked). An older 
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population may have shown a decline in VA from neural aspects (Baloh et al. 1993) as well 

as shifts in the crystalline lens spherical aberration towards more positive values (Glasser et 

al. 1998). Since all conditions were tested in the same subject, the reported relative effects 

(i.e. no IOL vs EDOF IOL) should not be influenced by neural resolution. Regarding the 

measurements performed in phakic eyes, Villegas et al. 2019 showed that, in general, the 

spherical aberration of the crystalline lens (present in pre-op visual simulations but removed 

in cataract surgery) plays a minor role in the simulated performance with IOLs conducted 

pre-operatively. The trend for larger benefit at intermediate found (and lower degradation 

at far) in all conditions with Isopure IOL simulators (cuvette, SLM and SimVis), shows a good 

accuracy of EDOF IOL simulated. 

 

 

   

4.5 Conclusion 
Experimental simulation (cuvette, SLM and SimVis) of Isopure IOL has been performed in an 

adaptive optics visual simulator, to evaluate the optical performance of the IOL and the 

accuracy of the simulations to validate its implementation in the lens catalog of SimVis 

Gekko. Measurements were performed on bench and with 10 young subjects. The 

conclusion of the experiment is:  

• AO simulators are a suitable tool to assess new IOL designs, EDOF IOLs, and predict 

the behavior in pseudophakic eyes before surgery. 

• Isopure EDOF IOL show a good balance between DOF, 1.92±0.15 and 1.60±0.09 D, 

and visual acuity at far, -0.11±0.01 and -0.09±0.07 LogMAR, for 3.0 and 4.5-mm pupil 

diameters, respectively (average across simulators). All conditions tested with 

Isopure IOL, on bench and in subjects, across simulators and pupil diameters, show 

on average, higher values of DOF than no IOL condition.  

• The influence of DOF in pupil diameter tested in Isopure IOL, shows an increase of 

DOF with lower pupil diameter in all conditions tested, increasing on average 0.28 D. 

This chapter shows a good correspondence of the results found on bench and with subjects 

with literature validation the Isopure IOL simulation. In the next chapter will be presented 

the Isopure IOL results of ocular aberration influence experimentally to evaluate its design 

and consider its implantation in post-LASIK subjects. 
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5 Evaluating the effect of corneal 
aberrations of Isopure IOL using 
Adaptive Optics 

 

In this chapter, we show our work on the evaluation of the performance of Isopure IOL in 

presence of positive and negative spherical aberration, and when correcting the ocular 

aberrations with the deformable mirror of the adaptive optics system. Experimental 

measurements were performed both on the model eye and on patients. 

Part of this study have been published in Biomedical Optics Express (BOE) by C Lago et al.: 

“Evaluating the effect of ocular aberrations on the simulated performance of a new 

refractive IOL design using Adaptive Optics”, Biomed. Opt. Express 13(12), 6682-6694 

(2022).  

The contribution of the author of this thesis was to perform a complete literature search for 

studies on Isopure IOL and on computational simulations with EDOF IOLs, to implement the 

white light source on the adaptive optics system; to calibrate and align the Adaptive Optics 

system, to design the measurement protocols, to perform the measurements, to analyze 

the data obtained and to write the article.  
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5.1 Introduction 
Experimental visual simulation of the IOLs in human subjects allows non-invasive testing of 

the lens design in combination with the optics of eye. Our visual simulators contains active 

elements to simulate the IOL under study (a Spatial Light Modulator (SLM) to represent the 

IOL phase map, and an optotunable lens using the SimVis technology based on temporal 

multiplexing (Dorronsoro et al. 2016; Akondi et al. 2017)), and a Deformable Mirror (DM) to 

manipulate the optics of the eye or to correct for the subject’s ocular aberration and/or 

induce different combination of aberrations. Several studies have used AO Visual Simulators 

to investigate the impact of inducing spherical aberration on visual performance (Piers et al. 

2007), on accommodation (Fernandez et al. 2005) and on the eye’s depth-of-focus in normal 

eyes (Rocha et al. 2009). New IOL designs aim at providing multiple focus or expanding 

depth-of-focus to improve vision at near and intermediate distances in subjects that do not 

have the capability to accommodate. Therefore, a question that arises is to what extent the 

optical performance and the nominal functionality of these IOLs (i.e. depth-of-focus) is 

affected by the magnitude of corneal aberrations, and preserved upon differences in the 

underlying spherical aberration. 

In this chapter, we further investigated the interaction of the eye’s aberrations with the 

Isopure IOL performance under different conditions. The IOL was: (1) immersed in a cuvette 

in the testing channel of the AO Visual Simulator and projected onto the subject’s pupil or 

artificial eye, (2) Mapped into the SLM, and (3) simulated using the optotunable lens (under 

SimVis technology). Then, the adaptive optics deformable mirror was used to (A) induce 

positive and negative spherical aberration (0.2µm) and (B) correct subject’s ocular 

aberrations (simulating an aberration-free eye). Additionally, the IOL performance was 

evaluated with monochromatic light (555 nm) in comparison with white light while the 

physical IOL was inserted in the cuvette.  

 

 

 

5.2 Methods 

Adaptive Optics System 

Measurements were obtained using the AO Visual Simulator described in chapter 2. The 

main components were used in the current chapter are: (1) the Super Continuum Laser 

Source (SCLS) to select emission wavelength (monochromatic (555nm) or polychromatic 

(white) light); (2) the Hartmann-Shack wavefront sensor to measure the subjects 

aberrations and calibrate the DM for aberrations induction; (3) the DM to compensate for 

the aberrations of subjects and  induce spherical aberration; (4) the SLM to introduce the 

IOL phase map; (5) the cuvette where the physical IOL was inserted; (6) the optotunable 

lens to simulate the IOL with SimVis technology; (7) the Badal system to correct subject’s 

refractive error and induce defocus in the through focus curves measurements. 
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DM spherical aberration mapping 

Vision was studied in four configurations of the adaptive optics deformable mirror: (1) 

without correcting the aberrations of the eye, i.e. natural aberrations with the IOL projected 

onto the subject eye; (2) correcting the eye’s aberrations, i.e. mimicking an ideal condition 

of  “implanting” the  IOL in an aberration-free eye, (3) inducing positive SA (+0.2 µm at 4.5-

mm pupil diameter) on top of the subject’s natural aberrations or artificial eye, (4) inducing 

negative spherical aberration (-0.2 μm at 4.5-mm pupil diameter) on top of the subject’s 

natural aberrations or artificial eye. All conditions were evaluated using monochromatic 

light (555nm unless otherwise specified). 

We chose to induce +0.2µm SA for 4.5mm, equivalent to inducing 0.87 µm at a 6.5-mm 

pupil diameter calculated using scaling formulas derived elsewhere (Schwiegerling 2002) as 

it was close to previously reported values of spherical aberration induced by a high myope, 

5 D, corneal refractive surgery with the ablation profiles used 20 years ago (Marcos et al. 

2001, Moreno-Barriuso et al. 2001). 

In NoAO condition (with natural ocular aberrations) and with spherical aberration induction 

conditions; the defocus was compensated with the Badal but the astigmatism was not 

corrected (always lower than 0.75 D). 

 

Physical Intraocular lens in cuvette 

Measurements were performed with an Isopure IOL (PhysIOL-BVI) of 21D inserted in the 

cuvette. As already described in chapter 2 and 4, the cuvette has a metallic support where 

the IOL is mounted and immersed in distilled water to simulate ocular media. The Rassow 

lens was designed to compensate a 20 D IOL power and the remaining 1D was compensated 

using the Badal system.  

 

IOL simulation with SLM or optotunable lens 

The Isopure IOL was simulated for a 4.5 mm pupil diameter using either the SLM (with the 

phase map describing the Isopure IOL mapped into it) or the optotunable lens (working 

under the SimVis technology) as described in chapter 4.  

 

On bench measurements 

Through focus one pass (1P) and double pass (2P) measurements were performed with the 

artificial eye mounted in the 3-D translational stage as explained in chapter 2, under the 

different experimental conditions. For 1P measurements, the E Snellen stimulus was 

presented on the DMD and projected to the CCD camera of the artificial eye. The retinal 

image quality was studied through focus collecting a series of images ranging from -4.0 to 

+1.0 D, in 0.25 D steps, for each condition. In the 2P experiment, through retinal images 

were collected with the double pass CCD camera, from -3.0 to +1.0 D in 0.25 D steps. In 

both, the vergence of the beam was changed moving the mirrors of the Badal system. The 
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IOL performance (either mounted in the cuvette or simulated with the SLM and optotunable 

lens) were performed for the four conditions of the AO deformable mirror, for a 4.5-mm 

pupil diameter and monochromatic light (555 nm).  

Additionally, polychromatic (white) light was used and measurements performed under 

natural aberration condition, for 3.0-mm and 4.5-mm pupil diameters. The camera 

properties and laser power were constant along the measurements; and ensuring that none 

of images were saturated.  

For 1P on bench measurements, the optical quality was measured in terms of the 

correlation metric and for double-pass retinal images, the Full Width at Half-Maximum 

(FWHM) was calculated as the average FWHM of four intensity profile at different 

orientations passing through the center of the spot. The obtained optical quality for the 

different simulators (cuvette, SLM, optotunable lens) was compared to the no IOL condition. 

Additionally, the optical degradation at far and the optical benefit at intermediate (1.50 D 

range) metrics were used and the DOF calculated as the range of diopters for which the 

correlation and the normalized FWHM metrics were above 0.8 (Marcos et al 1999). 

 

Measurements on Subjects  

The same subjects that performed the previous experiments, ten 10 young subjects (9 

females, 1 male), participated in the study. Their average age was 29.8 ± 3.4 years, and their 

average spherical error of -0.17 ± 1.10 D. Inclusion criteria was an astigmatism lower than 

0.75 D. Measurements were obtained under cycloplegia (tropicamide 1%). As before, all 

protocols met the tenets of the Declaration of Helsinki. Subject’s consented after they had 

been informed on the nature of the study, protocols and implications of their participation. 

Subject were aligned into the AO system and viewed the psychophysical stimuli projected 

on the DMD, illuminated at 555 nm or with white light, through the selected visual simulator 

(real IOL immersed in the cuvette, or the optotunable lens simulating the Isopure IOL) or 

through the system without any IOL (no IOL condition). The AO deformable mirror was 

either correcting or inducing different amounts of SA. The Badal system was used to correct 

the subject defocus and performed before each though focus visual acuity measurements, 

as the induction of SA shifted the subject’s best focus. Visual Acuity (VA) was measured 

using a tumbling E letter with 8-Alternative Forced Choice (8AFC) procedure and QUEST 

(Quick Estimation by Sequential Testing) algorithm (Lu et al. 2013, Watson et al. 1983, Borgo 

et al. 2012, Brainard et al. 1997).  

The impact of aberration correction and spherical aberration induction was assessed in 

terms DOF estimated from the TF curves as the defocus range (in the near region, i.e. 

negative defocus) for which VA was 0.2 LogMAR or better (Yi et al. 2011). Additionally, the 

visual degradation at far (difference in VA LogMAR at 0 D relative to the no IOL condition 

(on average)) and the optical benefit at intermediate (average optical quality in the 

intermediate distance (1.25 D) for Isopure IOL relative to the no IOL condition) 

(Vedhakrishnan et al. 2022) were calculated. ANOVA tests were conducted to evaluate 

statistical differences across conditions.  
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5.3 Results 

Experimental Through Focus optical quality (on bench) 

Figure 5.1 shows the through-focus (TF) 1P and 2P retinal images for the AO system without 

any IOL, and for the Isopure IOL immersed in the cuvette and with induction of +0.2 µm (B), 

0 µm (C) and -0.2 µm (D) spherical aberration on top of fully corrected aberration state, all 

for a 4.5mm pupil diameter. Images reveal a qualitatively higher DOF for Isopure (around 

1.50 D) than for the no IOL condition (around 1.00 D). 

 

 

Fig. 5.1: TF series, in a range of 4 D in 0.25 D steps; of single-pass images of an E-
letter stimulus (top images) and double-pass images of a spot (bottom images) in 

an artificial eye, through (A) no-IOL condition; (B) Isopure in a cuvette in 
combination with +0.2 µm spherical aberration induced in DM (C) Isopure IOL in 

the cuvette and an aberration-free eye and (D) Isopure lens in a cuvette in 
combination with -0.2 µm spherical aberration induced on the DM. All 

measurements of Isopure IOL illustrated are with IOL immersed in a cuvette. 
Pupil diameter 4.5-mm. 

 

Figure 5.2 compares optical metrics (correlation for 1P and normalized FWHM for 2P) that 

define the IOL optical performance across Cuvette, SLM and SimVis, when an additional 

spherical aberration of ±0.2 µm for a 4.5-mm pupil diameter was induced.   
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Fig. 5.2: Top, TF for E-letter stimulus projected on the artificial retina (CCD) of an 
artificial eye (correlation metric). Bottom, TF for double-pass retinal imaging of a 
point (FWHM in pixels, 0.16 arcmin per pixel). All the TF curves were measured in 
the three simulating platforms: Cuvette in purple (left), SLM in green (middle) and 
SimVis in orange (right). In all condition were induced +/- 0.2 microns (at 4.5-mm 
pupil diameter)  of spherical aberration in a DM and compared with the normal 

condition. All measurements were made at 4.5-mm pupil diameter. 

 

We expected an increase of the optical quality at far and a narrower TF curve when positive 

spherical aberration was induced, that partly compensated the negative spherical 

aberration induced by the IOL, and a decrease in optical quality and widening of DOF with 

the induction of negative SA.  While there aren’t large differences between the conditions 

(SA+, SA- and natural aberrations) in the measurements performed with E letter stimulus, 

this trend is visible in the results (Figure 5.2).  

In the TF 2P metric with the IOL in cuvette and SLM measurements, the differences between 

conditions are more evident, especially in the reduction of DOF when inducing positive SA. 

However, with SimVis simulations these differences between conditions are minimum. We 

think that these can be due to the way in which SimVis simulates the IOL. SimVis works 

under temporal multiplexing, and the interaction with additional aberrations is not possible. 

When the lens is placed in the cuvette or simulated in the SLM the aberrations of the 

subject (particularly the spherical aberration) could be compensated by the simulated lens 

but this is not possible with SimVis because the phase of the wavefront is not changed 

locally.  

 

Experimental Through-Focus visual acuity (in subjects) 

Figure 5.3 (A) shows the wave aberrations maps of all subjects participating in the study:  

natural aberrations (No IOL condition, top row); and the quality of the AO-correction 

(bottom row). The subjects have been ordered by increasing Root Mean Square wavefront 

error under natural aberrations (as shown in Fig. 5.3(B)). Natural aberrations (NoAO, No 

Adaptive Optics aberrations correction) RMS ranged from 0.13 to 0.5 μm and decreased 

below 0.1 μm in all AO (ocular aberrations corrected with AO) cases; 0.07 on average for 
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4.5-mm pupils. Figure 5.3 (C) shows the amount of native spherical aberration in all 

subjects. 

 

Fig. 5.3: (A) Wave aberration maps for Natural aberrations (top panels) and AO-
corrected aberrations (bottom panels) for all 10 subjects (scale bar in µm) (B) 
Root Mean Square Wavefront error (RMS) with (AO) and without corrections 

(NoAO) of the natural aberrations of the eye. (C) Natural Spherical Aberration. 
Data are for 4.5-mm pupil diameter. 

 

Figure 5.4 shows the TF VA curves for all subjects and conditions (thin lines) and the average 

behavior (thick lines) when the IOL is simulated with the cuvette (top row) and the SimVis 

technology (lower row). The TF VA with the natural aberrations of the subjects is shown in 

Figure 5.4 (A) and (C) in grey and compared with the TF VA when seeing through the 

simulation of the IOL. In both subfigures, it is clear that the presence of the Isopure IOL 

(purple lines IOL in a cuvette and orange lines simulated IOL with SimVis) decreases the 

quality at far with respect to the no IOL (grey lines), although on average across subjects, 

the decrease is not statistically significant, and that the lens expands the DOF (average DOF 

is 1.30 D with the natural aberrations, and 1.53 and 1.52 D for IOL in cuvette  and IOL 

simulated with SimVis technology respectively. With natural aberrations and seeing through 

the IOL in the cuvette, the largest DOF expansion with the IOL occurred for subjects S6 and 

S7 (from 1.10 D to 1.65 D, and from 0.9 D to 1.65 D, respectively). When the measurements 

were performed with natural aberrations and IOL simulated with SimVis technology, the 

largest DOF expansion with IOL occurred for subjects S6 and S10 (from 1.10 D to 2.15 D, and 

from 0.8 D to 1.95D, respectively).  

In figure 5.4 (B), the comparison between the behavior with the IOL and natural (purple 

lines) or corrected (red lines) aberrations is shown. On average, the performance of the IOL 

does not change when the aberrations of the subjects are corrected.  
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Figure 5.4 (D) compares the TFVA between AO-correction aberrations (red lines) with 

natural aberrations (orange line) when the IOL is simulated with SimVis (optotunable lens), 

in this case on average, the optical performance of the lens is better with the natural 

aberrations: VA at far and DOF increase 0.05 and 0.36 D, respectively. As said before, we 

interpret this different behavior because of the lack of compensation between aberrations 

when the lens is simulated with SimVis.  

 

 

Fig. 5.4 TF VA in subjects. (A) compares the Isopure IOL immersed in a cuvette 
with natural aberrations (purple lines) and no IOL condition (grey lines). (B) 

illustrate the optical performance of Isopure IOL in the cuvette, when is measure 
with natural aberration (purple) and ocular aberrations corrected with AO (red 

lines). (C) compares the optical performance of Isopure IOL simulated with SimVis 
technology (orange) with no IOL condition (grey line). (D) Represents the optical 

performance of the lens simulated with SimVis technology when is measured with 
natural aberrations (orange) and ocular aberrations corrected with AO (red lines). 
The thin lines represent the TF curve measured to each subject while the thick line 

represent the results on average across subjects in each condition. All 
measurements were performed at 4.5-mm pupil diameter. 

 

The individual TF VA curves for each subject are shown in figure 5.5. Panel (A) shows the 

TFVA when the IOL was simulated using the cuvette channel and panel (B) the TFVA when 

the IOL was simulated with SimVis technology (optotunable lens). Individually (Fig. 5.5 (A)), 

AO-correction only improved peak performance over the natural conditions with the IOL in 

S8 (by 0.19 LogMAR), while in subjects S2, S4 and S7 performance with the IOL was actually 
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better with the natural aberrations than with AO-correction (by -0.08, -0.04 and -0.11 

LogMAR). In figure 5.5 (B), the subjects with best peak performance in AO correction are S3, 

S5 and S9 (0.06, 0.02 and 0.03 LogMAR respectively) in comparison with NoAO; but the 

differences are lower in comparison with cuvette measurements. The performance with the 

IOL with SimVis was better for the rest of the subjects as exception of S4, where the peak 

performance is better with negative SA induction.  

Analyzing the DOF behavior, in Fig.5.5 (A) in S4 and S8 the presence of additional positive 

spherical aberration (SA+) reduces the DOF with the IOL. In S8, S9, and S10 the induction of 

negative spherical aberration (SA-) produces the widest DOF. With SimVis lens, Fig.5.5 (B), in 

half of the subjects the DOF expansion is widest with subject’s ocular aberrations; but there 

are some differences in S8 and S9, where the widest DOF it’s produced by negative spherical 

aberration (SA-) induction; and S1, S3 and S7 by positive spherical aberration (SA+); never in 

AO condition.  

However, in general the TF performance with the IOL appears to be primarily driven by the 

IOL design, and it seems like the role of the individual (and corrected/induced) aberrations is 

secondary. The intersubject variability of the TF curves (averaged across defocus positions) 

is similar for AO and NoAO condition (-0.06 and -0.07 LogMAR for AO and NoAO 

respectively). 
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Fig. 5.5: All 10 eyes, in each panel, and 4 conditions: natural aberrations (solid 
line), corrected aberrations (red line), induced positive spherical aberration (SA+, 

dashed line), induced negative spherical aberration (SA-, dotted line). (A) for 
measurements with Isopure IOL physically immersed in a cuvette and (B) for 

Isopure simulated with SimVis technology. 

 

The TFVA measured when SA was induced over the subject’s natural aberrations is shown in 

Figure 5.6 when the IOL was simulated with the cuvette channel or with SimVis. Three 

conditions were evaluated: Isopure IOL with subject’s ocular aberrations (natural 

aberrations), inducing -0.2 µm of SA and inducing +0.2 µm of SA in a DM.  

 

 

Fig. 5.6: Left, TF VA with IOL immersed in a cuvette. Right, TF VA with IOL 
simulated with SimVis lens. In all condition were induced +/- 0.2 µm of spherical 
aberration in a DM and compared with the normal condition. All measurements 

were made at 4.5-mm pupil diameter. 
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The condition without inducing aberrations (natural aberrations) it’s always the best 

performance for the Isopure IOL as the induction of SA (positive or negative) reduced the 

optical quality.  

Fig. 5.7 (A) shows the average DOF across subjects, for all conditions when aberrations are 

manipulated (positive or negative SA induced and correction of ocular aberrations, AO), in 

comparison with natural ocular aberrations (NoAO) and no-IOL condition. The 

measurements had been performed with Isopure IOL in a cuvette (purple bars) and 

simulated in SimVis technology (orange bars) in comparison with no IOL condition (grey 

bars). The presence of the Isopure IOL produced an increase in DOF by 0.23 D on average. 

The expansion of DOF was largely independent on the presence or correction of high order 

aberrations, and of the induction of positive or negative spherical aberration: 0.23 D/0.23 D 

no AO, 0.19 D/0.11 D with positive SA, 0.15 D/-0.13 D with AO, and 0.24 D/ -0.19 D with 

negative SA, for IOL immersed in a cuvette and IOL simulated with SimVis respectively.   

Visual Acuity at far (Fig. 5.7 (B)) was significantly better with no IOL, although it was on 

average above 0 in all conditions as exception with IOL simulated by SimVis when SA+ is 

induced. Values on average were lower for SimVis simulations and differences across 

conditions were lower for IOL in a cuvette: -0.03±0.04 and -0.06±0.01 LogMAR for SimVis 

and Cuvette respectively.  Figure 5.7 (C) shows visual degradation at far and visual benefit at 

intermediate (1.25 D), in terms of LogMAR difference from the No IOL condition. Visual 

Degradation at far was always negative because VA at no IOL condition was always better 

and visual benefit at intermediate was positive when positive SA was induced (SA+) and with 

subject’s natural aberrations (NoAO); and negative when the aberrations were corrected 

(AO). Wen negative SA was induced (SA-) visual degradation was positive when the lens was 

simulated with the cuvette channel and negative when the simulation was done with SimVis 

technology. As before, we guess that the differences found when simulating the lens with 

the cuvette or the SimVis could be due the different interaction with the aberrations 

imposed.   
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Fig. 5.7: (A) DOF estimated from the TF VA curves of Fig. 5.5, as the negative 
dioptric range above which LogMAR is better than 0.2. Results are average of the 

DOFs calculated across subjects for each condition (B) LogMAR VA at far, 
averaged across subjects for each condition (C) Visual degradation at far (light 

color) and visual benefit at intermediate (1.25 D, dark color) as LogMAR 
differences with respect to the No IOL condition, averaged across subjects for 

each condition. 

 

The measurement simulating the Isopure IOL with the cuvette channel was performed using 

monochromatic light (555 nm) and polychromatic light (white light) at 4.5-mm and 3.0-mm 

pupil diameters. The results are shown in figure 5.8. The measurements had been 

performed in optical bench (1P) imaging a E letter in the retina of the model eye, and on 

subjects by measuring the TF VA. DOF (range of diopters from far with VA above 0.2 

LogMAR) and maximum visual acuity at far was calculated in TF VA subjects on average to 

evaluate the influence of polychromatic and monochromatic light in the optical 

performance of the Isopure lens. 
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Fig. 5.8 Left, TF E letter stimulus, in the middle TF VA in subjects, and right valued 
of DOF and Visual Acuity at far on average for subject’s measurements. All the 

measurements were made with the Isopure IOL immersed in a cuvette. The 
measurements were performed at two pupil diameters: 3.0-mm (top) and 4.5-mm 
(bottom). The green line/bar represents the monochromatic light at 555 nm, and 

the grey line/bar represents the polychromatic light (white light). 

 

The use of white light always decreased the optical performance of Isopure IOL, but the 

shape of the curve was preserved. At right, the graphs of DOF and Visual Acuity, quantify 

the optical performance of the Isopure lens (on average) when is measured with different 

illumination (monochromatic and polychromatic). DOF decrease with white light 35% and 

25% in comparison with green light at 3.0 and 4.5-mm pupil diameter respectively but we 

didn’t obtain a no-IOL condition with white light to study the difference in DOF with and 

without the IOL with a polychromatic stimulus while. VA decreased for white light in 

comparison with green light, with the two pupil diameters, about 0.1 LogMAR. 

 

 

 

5.4 Discussion 
In this study, we explored the effect of combining high order aberrations (natural, corrected 

or induced positive or negative spherical aberrations) and chromatic effect on the optical 

and visual performance with a commercial Extended depth-of-focus (a.k.a premium 

monofocal IOL), the Isopure IOL (BVI-PhysIOL). Visual simulators are a non-invasive 

technique, excellent to investigate visual performance with manipulated aberrations. Unlike 

computer eye models where, even if they customized to the subject’s anatomy and 3-D 

biometry, can only predict retinal image quality, visual simulations allow direct 

measurement of visual performance under manipulated aberrations. Also, unlike 

measurements on pseudophakic subjects implanted with the IOL under investigation, visual 
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simulators allow comparing different conditions in the eye of a subject. A standard clinical 

study would involve various groups of subjects classified, for example, by the magnitude of 

their corneal aberrations, although differences may be confounded by intersubject 

variability in the neural response, which is minimized by intra-subject testing of different 

aberration conditions, achieved with a DM in an AO visual simulator. 

In this study, we compared the simulation with the cuvette channel, with the ones using the 

SLM and SimVis, and to correct the natural aberrations of the eye to study how induce SA 

(Piers et al. 2004, Fernández et al. 2021) would change the TF performance. The results with 

Isopure IOL simulation were compared with the results found in the natural eye condition 

(i.e. in the no IOL condition). This no-IOL condition in phakic eyes with paralyzed 

accommodation mimicked an eye with a monofocal IOL, although some variability with 

respect to a true monofocal IOL might be expected associated to intersubject differences in 

the crystalline lens aberration. 

As expected from its EDOF design, the Isopure IOL expanded depth of focus with respect to 

the no IOL condition, as shown both on-bench (Fig. 5.1) and in subjects (Fig. 5.7). In subjects, 

we found an increase of DOF by 0.23 D and 0.22 D (No IOL: 1.30±0.33 D; NoAO+IOL in a 

cuvette: 1.53±0.21 and NoAO+IOL in SimVis technology: 1.52±032 D), which compares with 

the 0.25 D increase reported by Bova et al. 2022 in a study on 84 subjects implanted 

binocularly with the Isopure IOL and a monofocal IOL (12 months post-op), from binocular 

photopic VA defocus curves, and the reported 1.5 D DOF. The similarity is remarkable, 

despite some differences between our study and that of Bova et al. 2022, including our 

younger cohort (mean age in their study was 71.33 ± 7.91 and 29.8 ± 3.4 years in our study), 

pupil diameter (natural pupil on their study and dilated in this study), a comparison with an 

aspheric monofocal IOL (TECNIS PCB00 IOL (Johnson and Johnson Vision, AMO Groningen 

BV). and their results after 12 months post-operative and binocular. 

Our visual performance results also agree well with those in 18 pseudophakic subjects 

implanted with the Isopure IOL from a recent study by Stodulka et al. 2021. The reported 

post-op VA in that study was -0.02 LogMAR binocular at far, and 0.14 LogMAR binocular at 

1.25 D (80 cm), to be compared with our -0.07±0.05 and -0.08±0.08 at far and 0.12±0.07 and 

0.15±0.06 LogMAR at 1.25 D (NoAO+IOL condition, Cuvette and SimVis technology 

respectively). The slightly better performance in our group could be associated to our use of 

monochromatic light, in figure 5.8 the values of VA at far for white light are 0±0.07 and 

0±0.06 LogMAR for 3.0 and 4.5-mm respectively. The use of AO allowed us to test the 

impact of aberrations on the performance of the Isopure IOL. On bench data (on an artificial 

eye with no aberrations) showed a relatively minor impact of the induced aberrations over 

the lens design (Fig. 5.2). The IOL produced an expansion of DOF regardless the absence of 

aberrations or presence of positive or negative spherical aberration. Although this IOL 

design is not particularly driven by 4th order spherical aberration (the high order aspheric 

coefficients introduce also high order spherical term and a smooth alternation of far and 

intermediate zones across the pupil), some induction of negative spherical aberration is 

expected. While this potential interaction does not appear to be captured in the correlation 

metric (induction of positive spherical aberration, SA+, does not seem to counteract the 
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negative spherical aberration of the lens and improve optical quality over the AO or the SA- 

condition), it may be behind the slightly narrower DOF with SA+ captured by the FWHM 

metric, for IOL immersed in a cuvette and simulated with SLM, in SimVis simulations with 

the optotunable lens, there are minor differences between conditions, this could be 

explained due the interaction of aberrations could be different with temporal multiplexing. 

The intersubject variability (in natural aberrations and neural response) appears to dissipate 

those trends, and on average, there is no difference in DOF, and at far or near performance 

in absence or presence of positive or negative SA (Fig. 5.6 and 5.7). The tolerance of the 

Isopure IOL to high order aberrations and to spherical aberration expands previous findings 

in subjects that show that the performance of this lens is tolerant to the induction of 

astigmatism (Rocha et al. 2007). An on-bench study (Zheleznyak et al. 2012) showed that 

the reduction in DOF with corneal astigmatism and high order aberrations was higher for 

multifocal than for monofocal intraocular lenses, and that the benefit of the increase in DOF 

with multifocal IOLs diminished when more than 0.75 D astigmatism remained uncorrected. 

The lens evaluated in this study was designed to augment the DOF with respect to a 

monofocal IOL but only to intermediate distances, maintaining optical quality for far and 

cannot be consider a multifocal intraocular lens. We think that this could be an explanation 

for the observed constancy in the DOF when spherical aberration was induced. Our subject 

data indicate a higher prevalence of the IOL design over the individual’s aberrations on both 

visual acuity at far and DOF. Also, multiple studies have found a degradation of VA and an 

expansion of DOF when spherical aberration is induced (Rocha et al. 2007, Yi et al. 2011). 

However, while those effects are expected when aberrations are corrected or induced on 

virgin eyes, they do not appear to occur in combination with the Isopure IOL. As found on 

bench (5.2), correcting or inducing aberrations have little impact on performance in 

combination with the IOL. On average, while there is a significant reduction in Visual Acuity 

at far in presence of the IOL with respect to the no-IOL condition (Fig. 5.4 (A) and (C)). The 

differences in VA and DOF across different aberration conditions are not statistically 

significant when the IOL is immersed in a cuvette (-0.06±0.01 LogMAR and 1.50±0.04 D, on 

average across conditions, purple bars in Fig. 5.7 (A) and (B)) although differences increase 

slightly when IOL is simulated with SimVis lens (-0.03±0.04 LogMAR and 1.30±0.20 D on 

average across conditions, orange bars in Fig. 5.7 (A) and (B)). Individually, however, there 

were some subjects where performance was more influenced by induction of positive or 

negative spherical aberration or correction of high order aberrations as shown in figure 5.6. 

However, we did not find a straightforward relation of this effect with the natural amount of 

spherical aberration, or overall optical quality in these subjects (Fig. 5.3). 

The use of white light decreased about 0.1 logMAR the VA peak found in the TF curves and 

about 25% the DOF. The lower VA was expected because of the broadening on the PSF 

produced when all frequencies are taken into account (Aissati et al. 2022) and this could 

also explain the reduction in DOF. Regretfully, we couldn’t study the DOF change with 

Isofocal when polychromatic light was used because we didn´t capture a no-IOL condition in 

the experimental session. However, with white light we expect this to be in the order of the 

one found with monochromatic light (0.23 D).   
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The study further demonstrates the use of AO visual simulators to understand prospective 

performance with IOLs prior to intraocular lens implantation. While in this study the IOL 

was, inserted in the Cuvette and simulated with SimVis technology, and projected on the 

subject’s eye, as it was designed to evaluate the impact of aberrations on the lens 

performance, and not the quality of the IOL simulation (as shown in chapter 4). The results 

of our study indicate that the tested EDOF IOL is tolerant to the induction and correction of 

aberrations, suggesting that this IOL could be used in a large proportion of the population 

(from almost perfect eyes to relatively large amounts of spherical aberrations) without 

significant differences in performance. More studies with a larger sample size and including 

subjects in the age range of the average cataract surgery subjects should be conducted to 

clarify the findings of the study. The simulated spherical aberration induction is consistent 

with that found in post-myopic LASIK (positive SA) and post-hyperopic LASIK subjects 

(negative SA) (Marcos et al. 2001, Llorente et al. 2004), indicating that the evaluated IOL 

could also be suitable (provided that the IOL power is adequately selected) in post-LASIK 

subjects.  

A potential limitation of the study is the fact that it was conducted in a relatively younger 

population than the intended target for this lens. Since crystalline accommodation was 

paralyzed pharmacologically and the pupil limited by a 4.5-mm artificial pupil (in addition, 

3.0-mm for white light measurements), two major properties of aging (presbyopia and 

pupillary miosis were mimicked). An older population may have shown a decline in VA from 

neural aspects (Baloh et al. 1993) as well as shifts in the crystalline lens spherical aberration 

towards more positive values (Glasser et al. 1998). Since all conditions were tested in the 

same subject, the reported relative effects (i.e. monofocal No IOL vs EDOF IOL) should not 

be influenced by neural resolution. On the other hand, given the little impact of relatively 

large amounts of spherical aberration, it is unlikely that age-related changes or individual 

differences in spherical aberration play a significant role in the described effects. Villegas et 

al. 2019 show that, in general, the spherical aberration of the crystalline lens (present in 

pre-op visual simulations but removing in cataract surgery) plays a minor role in the 

simulated performance with IOLs conducted pre-operatively. In any case, the described AO 

visual simulator has the capacity to remove the spherical aberration (although not the 

scattering) of the natural crystalline lens using the DM, for simulations in cases where that 

may play a role (i.e. monofocal aspheric IOLs aiming at correcting the aberrations of the 

cornea). While with strong scattering media, the fidelity of the simulation can be 

compromised, in a recent study by Barcala et al. (Barcala et al. 2022) we studied the 

perceptual response with four binocular presbyopic corrections, and found that the 

individual perceptual scores before and after cataract surgery were correlated for all 

distances. Finally, the study did not consider the effect of potential adaptation to the 

natural high order aberrations of the eye (Sawides et al. 2011). Previous studies have shown 

that visual performance with naturally high order aberrations (i.e. keratoconus) surpasses 

that of normal subjects through the same aberrations as the keratoconus subjects induced 

with AO (Chen et al. 2008) suggesting neural adaptation or perceptual learning to the long-

term optical degradation. While potential differences in performance with the IOLs 

associated to natural or induced aberration (of the same amount) can only be tested in 
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groups with naturally high positive or negative spherical aberration (i.e. the mentioned post-

LASIK eyes) it is unlikely that our results are biased by this effect, as we did not find 

performance trends associated to the magnitude of the natural aberrations, and the 

measured effects appear dominated by the IOL design. The trend for larger benefit at near 

found (and lower degradation at far) found for the Isopure IOL in combination with the 

natural aberrations of the eye, in comparison with other conditions, including fully 

corrected optics, could reflect some adaptation to the natural optics, or simply a result of 

the IOL design for eyes with normal amounts of aberrations. On the other hand, the fact 

that TF visual acuity curves in eyes with all aberrations corrected and through the same IOL 

show large differences in TF VA curves (even if the retinal image quality is identical in the 

entire dioptric range) suggest that neural factors are critical and further emphasize the 

importance of the visual simulation, beyond optical expectations.  

 

 

 

5.5 Conclusion 
Isopure IOL was experimentally simulated in an AO visual simulator with the cuvette 

channel and SimVis (simulations previous validated in chapter 4), to evaluate the influence 

of aberrations of its performance, using a deformable mirror to correct and/or induce 

aberrations in the eye (artificial and subjects). 4 configurations were evaluated: (1) Isopure 

IOL with ocular aberrations; (2) inducing +0.2 µm of spherical aberration on top the ocular 

aberrations; (3) inducing -0.2 µm of spherical aberration on top the ocular aberrations and 

(4) correcting the ocular aberrations with IOL simulated. In addition, IOL physically in the 

cuvette was measured with monochromatic (555 nm) and white light. As a conclusion: 

• Isopure EDOF IOL experimentally measured DOF was 1.53 ± 0.21D and 1.52±0.21 D 

and visual acuity at far was -0.07 ± 0.05 and -0.08±0.08 LogMAR, on average, when 

the lens was simulated with the cuvette channel and with SimVis technology, 

respectively.  

• All conditions tested with Isopure IOL (correcting ocular aberrations and inducing 

spherical aberration) show on average, higher values of DOF than no IOL condition, 

when the lens was simulated with the cuvette. With the SimVis simulation, the 

behavior of the lens was similar with natural aberrations, however, when 

aberrations were corrected or spherical aberration was induced DOF and VA 

decreased, which could be explained due to the lack of compensation of aberrations 

with temporal multiplexing.  

• With white light the performance of Isopure IOL is preserved, but lower values of VA 

around 0.1 LogMAR lower for both pupil diameters, and DOF 35% and 25% lower for 

3.0 and 4.5-mm pupil diameter, respectively, were found. 

• Isopure IOL always presents a good balance between DOF and optical quality at 

different conditions tested, it’s a robust IOL which seems to be effective in a high 

range of subjects, including post-LASIK subjects. 



99 
 

 

 

 

  



100 
 

6 Computational simulation of the optical 
performance of Acrysof IQ Vivity IOL in 
post-LASIK eyes. 

 

Acrysof IQ Vivity IOL was launched in January 2021 in the US as the first and only non-

diffractive extended depth of focus lens. The lens was designed and manufactured by Alcon 

Healthcare S.A. Through a collaborative agreement with the company, we had access to the 

simulation of this lens with the software OpticStudio to evaluate its optical performance in 

post-LASIK eyes. 

Part of this study was presented in ARVO 2021 as oral presentation entitled “Simulated 

assessment of presbyopia correction IOLs in post-LASIK patients” by C. Lago who was 

awarded an ARVO Travel Grant. Results were also presented on ESCRS 2021 with a poster 

entitled “Predicted optical quality and halos with the Vivity EDOF IOL in post-LASIK 

patients” that was presented by S. Marcos and is being reviewed for publication in an article 

in the Journal of Cataract and Refractive Surgery with the title “Computational simulation 

of the optical performance of an extended depth of focus intraocular lens in post-LASIK 

eyes”  

The contributions of the author of this thesis, with the help of the directors, was to design 

the different computational model eyes, to extract the wavefront maps, to calculate the 

halos metric, and to analyze the results.  
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6.1 Introduction 
LASIK (laser-assisted in-situ keratomileusis), which is a well-known ocular treatment, with 

more than 30 years of evolution (Reinstein et al. 2012), reshapes the cornea for the 

correction of refractive errors. Typically, an excimer laser is used to ablate the cornea, 

following an ablation profile such that the central cornea is flattened in myopic LASIK or 

steepened with respect to the periphery in hyperopic LASIK. While the theoretical 

Munnerlyn algorithm does not necessarily induce high order aberrations (Munnerlyn et al. 

1988), approximations of this algorithm, and discrepancies due to laser efficiency losses on a 

curved surface, and ablation plume shielding caused induction of spherical aberration and 

coma, especially with larger corrections (Marcos et al. 2001, Moreno-Barriuso et al. 2001, 

Llorente et al 2004, Cano et al. 2004 and Dorronsoro et al. 2006). 

Several studies in the early 2000s (Chen et al. 2002, Anera et al. 2003, Pop et al. 2004, 

Kohnen et al. 2005), reported a change in corneal asphericity, and an associated increase in 

the magnitude of spherical aberration (SA) following LASIK. In particular, two works by our 

group reported induction of positive spherical aberration following myopic LASIK (Marcos et 

al. 2001) and induction of negative SA following hyperopic LASIK (Llorente et al. 2004). The 

induction of corneal SA was proportional to the magnitude of the spherical correction, with 

slopes of 0.17 µm/D for myopic LASIK and -0.28 µm/D for hyperopic LASIK, in patients 

operated with the Bausch and Lomb, Technolas 217-C laser (wavelength 193 nm; pulse 

repetition rate 50 Hz and a peak radiant exposure 120 mJ/cm2). The studies also showed 

increased coma, although its magnitude was not statistically significantly correlated with the 

pre-operative spherical error (Moreno-Barriuso et al. 2001). In later studies, we showed 

through both computational simulations of the ablation process and experimental 

measurements (Dorronsoro et al. 2006) that a large percentage of the induction of SA could 

be explained by the ablation efficiency loss in the periphery due to the non-normal 

incidence.  

Many patients that had undergone LASIK surgery in the 2000’s are in need of cataract 

surgery today. The presence of an early LASIK surgery has posed challenges in the 

application of the standard formulas of calculation of the IOL power calculation, due to the 

unusual corneal shape (Aramberri 2003). Furthermore, with an increasing number of IOL 

designs now available for cataract and presbyopia correction, the selection is even more 

complex (Alió et al. 2017). Among the new IOLs, EDOF IOLs (Kohnen et al. 2020), which 

generally exhibit refractive profiles, appear to be less prompt to image degradation and 

artifacts than diffractive IOLs, while they are designed to expand visual functionality at 

intermediate distances. A question of clinical value is to investigate whether these lenses 

may be well-suited to patients with unusually high amounts of high order aberrations, such 

as those following LASIK surgery. 

In this study were performed computational simulations in pseudophakic post-LASIK eye 

models virtually implanted with the EDOF Acrysof IQ Vivity IOL (Alcon), and the monofocal 

Acrysof IQ IOL (Alcon) as a control. The Acrysof IQ Vivity is a wavefront shaping lens, 

designed with a patented X-Wave technology (McCabe et al. 2021); which, according to the 

manufacturer, consists of a 2.20-mm wavefront shaping optics in the central part of the 
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anterior surface to stretch and shift the wavefront avoiding light splitting. The aim of the 

design is to extend the depth of focus to enhance intermediate vision without 

compromising far vision. 

 

 

 

6.2 Methods 
6.2.1 Pseudophakic computer eye models 

Acrysof IQ Vivity IOL (EDOF IOL) and Acrysof IQ IOL (monofocal IOL) of 22D, both from Alcon 

healthcare S.A. were studied computationally to assess the validation of Acrysof IQ Vivity 

IOL in post-LASIK eyes. The virtually “implanted” IOLs was either the Acrysof IQ Vivity (EDOF 

IOL) or the Acrysof IQ (control monofocal IOL), with 22 D labeled power. According to the 

technical product information by Alcon (Alcon 2020); both IOLs (made of the same material, 

acrylate/methacrylate copolymer) exhibit anterior aspheric biconvex shape, have the same 

optical zone diameter, 6.0 mm, overall length 13 mm, haptic angle 0 degrees and UV blue 

light filtering. IOL geometry and refractive index at 555 nm were provided by the 

manufacturer. 

Pseudophakic computer eye models were designed in OpticStudio (Zemax, Kirkland, WA) 

with a model cornea with an aspheric anterior corneal surface, a spherical posterior corneal 

surface (6.5 mm radius of curvature) and 0.55 mm central corneal thickness. IOLs were 

placed at 4.5 mm behind the posterior corneal surface and the aqueous and vitreous 

refractive indices were 1.336.  For the non-LASIK cornea, the radius of curvature (7.668 mm) 

and the asphericity (-0.066) of the anterior surface were optimized such that the corneal 

power was 43 D and the corneal SA was +0.28 µm for a 6.0-mm pupil diameter (Beiko et al. 

2007). The axial length of the computer model eye was adjusted such that far images 

projected on the retina were in focus, with minimum spot radial size.  

Three different post-myopic LASIK corneas were simulated with low, medium, and high 

negative refractive corrections (-2.5, -4.5 and -7.5 D) and two post-hyperopic LASIK corneas 

with low and medium positive refractive corrections (+2.5 and +4.5 D). The SA induced by 

these corrections was obtained from the experimental data previously reported (Marcos et 

al. 2001, Llorente et al. 2004) on the corneal (and total) high order aberrations induced by 

LASIK surgery with a B&L, Chiron Technolas 217-C, equipped with the PlanoScan software. 

The SA and coma induced were simulated using a Zernike Standard Phase surface type 

placed at the cornea. Table 6.1 shows the SA induced in the different post-myopic and post-

hyperopic LASIK tested conditions. Induction of coma (0.5 µm a 6.5-mm pupil diameter, 

consistent with the reported amount in literature by Moreno-Barriuso et al. 2001) was also 

studied.  
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Table 6.1: Corneal SA induced with LASIK surgery for different pre-operative 
spherical error at 6.5-mm pupil diameter. 

 

6.2.2 Optical quality and Depth of focus. 

The eye’s wavefront aberrations were obtained by ray tracing with OpticStudio as explained 

in chapter 2, for 3.0 and 5.0-mm pupil diameters. The Point Spread Function (PSF) and 

Modulation Transfer Function (MTF) were calculated, in an 8 D focus range, in 0.1 D steps. 

Retinal image quality was described in terms of Visual Strehl (VS). The following metrics 

were analyzed as a function of LASIK induced SA and coma: VS at far (0 D), VS at an 

intermediate distance (1.50 D) and the depth of focus (DOF), defined as the usable defocus 

range for which VS>0.12 (Yi et al. 2010). These metrics were calculated in all conditions and 

used to compare the performance of eyes (virgin and post-LASIK) virtually implanted with 

either the EDOF or the monofocal IOL. 

 

6.2.3 Computational simulation of halos. 

The presence of halos was estimated with a method similar to that described by Alba-Bueno 

et al. 2014. Retinal images of a 2-arcmin pinhole stimulus were simulated by convolution 

with the PSF of the eye, and the diameter that encircles the 50% of the intensity was 

calculated (illustration in figure 6.1). Higher values of this metric mean more spread halos in 

the image. 

 

 

Fig.6.1: Methodology used to simulate halos: The retinal image was simulated by 
convolving the PSF with a 2-arcmin pinhole and the diameter that encircles the 

50% of the energy was calculated. 
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6.3 Results 
Figure 6.2 shows the estimated VS for far at 5.0-mm (left) and 3.0-mm pupil diameter 

(center) and the associated depth-of-focus for 3.0-mm pupil diameter (right) in the 

pseudophakic eye models, as a function of induced SA, for eyes implanted with the EDOF 

IOL (orange circles), the monofocal IOL (purple circles) and the value for virgin eyes without 

LASIK treatment (orange and purple crosses).   

The VS for far in the eye model with EDOF and monofocal IOL for 5.0-mm pupils, in virgin 

eyes is 0.67 and 0.61 for monofocal and EDOF IOL respectively; and differed by 0.05, on 

average across SA (Fig. 6.2-A). The presence of SA induced by LASIK produced a sharp 

decrease in VS at far from values >0.60 in non-LASIK eyes to <0.3 in eyes with ±1 µm (over 

6.5-mm pupil) induced SA for both IOLs.  

Figure 6.2-B shows the VS for far with both lenses for 3.0-mm, exhibiting a very different 

performance from that of 5.0-mm. 0.98 and 0.52 for virgin eyes with monofocal and EDOF 

IOL respectively. The average VS was on average 0.43 higher with the monofocal than the 

EDOF IOL. Also, VS was rather constant across eyes with different amounts of SA, decreased 

by 9% on average in both IOLs respect to virgin eyes. 

DOF for 3.0-mm pupils (Fig 6.2-C) with the EDOF IOL was higher in corneas with induced 

negative SA (post-hyperopic LASIK) while DOF with the monofocal IOLs DOF was higher in 

corneas with induced positive SA (post-myopic LASIK). The rate of change of the DOF with 

the EDOF IOL was slower than with the monofocal (-0.20D/micron for EDOF IOL and 

0.34D/micron for monofocal IOL). In virgin eyes, DOF was 2.5 D with the EDOF IOL and 1.40 

D with the monofocal. On average across conditions, DOF (mean±STD) was 2.52±0.18 and 

1.50±0.31 D in post-LASIK eyes for 3.0-mm pupils, with EDOF and monofocal IOL, 

respectively and the difference between distributions was significant (p<0.05). 

 

Fig 6.2: (A) VS for 5.0-mm pupil diameter; (B) VS for 3.0-mm pupil diameter; and 
(C) DOF for 3.0-mm pupil diameter as a function of induced SA for the eye model 

(values for 6.5-mm pupil diameter) with the eye “implanted” with Acrysof IQ 
Vivity IOL (orange) and Acrysof IQ IOL (purple). The cross-shaped marker 

represents the VS value of a pseudophakic eye with an average virgin (non-
surgical) cornea implanted with the Acrysof IQ Vivity IOL (orange) and with 

Acrysof IQ IOL (purple).  
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Figure 6.3 shows similar analysis as figure 6.2 but simulating SA in combination with 0.5 µm 

of coma induced by LASIK (at 6.5-mm pupil diameter).  The results parallel those of the 

condition where only SA was induced, although the VS (for 5.0-mm pupils) is further 

decrease by 0.35 and 0.33 on average, for the EDOF and the monofocal IOL respectively. At 

3.0-mm pupil diameter the VS decreased on average by 22% and 19% for EDOF and 

monofocal IOL respectively, respect to virgin eyes when SA is induced. 

 

Fig 6.3: (A) VS metric for 5.0-mm pupil diameter; (B) VS for 3.0-mm pupil 
diameter; and (C) DOF for 3.0-mm pupil diameter as a function of induced SA for 

the eye model with Acrysof IQ Vivity IOL (orange) and Acrysof IQ IOL (purple) 
when both SA and coma are induced by LASIK. The cross-shaped marker shows 

the VS value of a pseudophakic eye with an average virgin (non-surgical) cornea 
implanted with the Acrysof IQ Vivity IOL (orange) and with Acrysof IQ IOL (purple). 

 

Figure 6.4 shows the halo metric which accounts for the spatial size of halos (angular 

diameter in arcmin that encircles the 50% of the energy), for 5.0 (Fig. 6.4-A) and 3.0-mm 

(Fig. 6.4-B) pupil diameters, for the EDOF IOL (orange) and the monofocal IOL (purple), for 

virgin corneas (red cross marker), LASIK-induced SA (solid line), and LASIK-induced SA in 

combination with coma (dashed line).  

With non-LASIK corneas, the halo metric was 2.22 arcmin for the monofocal IOL, and 1.82 

arcmin for the EDOF IOL, for 5.0-mm pupils respectively. While the halo metric was fairly 

constant for 3.0-mm pupils (except for hyperopic cases with EDOF IOL), there was a sharp 

increase when increasing the magnitude of the SA for 5.0-mm pupils.  

Noticeably, for 5.0-mm pupils, the minimum halo size was obtained in non-surgical corneas, 

lower for EDOF IOL than monofocal IOL, also with EDOF IOLs the minimum halos size 

occurred in corneas with induced positive SA. The halo metric with EDOF IOLs exceeded that 

obtained with monofocal IOLs when negative SA was induced (6.56 vs 5.95 arcmin on 

average for the EDOF and monofocal IOLs respectively when only negative SA was induced). 

However, with positive SA induced (myopic LASIK) resulted in reduced halos with the EDOF 

when compared with the monofocal IOLs, by 1.62 (SA) and 1.71 (SA+coma). For 3.0-mm 

pupil diameters, the presence of coma had a minimal impact with an average increase 

across conditions of 0.25 and 0.28 arcmin for EDOF and monofocal IOL respectively without 

mid hyperopic condition where differences are noticeable for EDOF IOL, 3.91. 

 



106 
 

 

Fig. 6.4: Halo metric for EDOF and monofocal IOL as a function of LASIK-induced 
SA for a 5.0-mm pupil diameter (A) and 3.0-mm pupil diameter (B). The no 

treated cornea case is represented with 0-µm induction of SA (red cross maker). 
The continuous line represents the cases where only SA is induced, and the dotted 

line represents the combination of induced SA and coma. Results are shown for 
5.0 and 3.0-mm pupil diameters. 

 

 

 

6.4 Discussion 
The performance of two intraocular lenses were evaluated using computer model eyes with 

post-LASIK corneas, simulated adding the SA or SA and 0.5 µm of coma (Marcos et al. 2001, 

Moreno-Barriuso et al. 2001, Llorente et al. 2004). The studied IOLs were a monofocal 

aspheric IOL, Acrysof IQ, and the EDOF IOL Acrysof Vivity IQ, by Alcon.  

Our computer eye model follows standards proposed in the literature (Norrby et al. 2007). 

In particular, we used a (non-surgical) corneal model that mimics the ISO standard, both in 

power (43 D) and magnitude of SA (0.28 µm, for a 6.0-mm diameter pupil) (Wang et al. 

2003). While this choice is slightly different to that followed by other studies in the 

literature (Perez-García et al. 2020, Perez-García et al. 2020, Oltrup et al. 2021) that use the 

cornea defined in the Navarro eye model (Navarro et al. 1985) (42.16 D and +0.139 µm SA, 

6.0-mm pupil), it is closer to the average population (Wang et al. 2003), and to on-bench 

testing parameters.   

An on-bench study (Borkenstein et al. 2021) compared the performance of Acrysof IQ Vivity 

with a trifocal IOL in terms of the MTF at 50 lp/mm and Strehl ratio for far objects using the 

ISO standard with corneal SA. These experimental results with Vivity IOL show a higher 

image quality for larger pupils than for smaller pupils at far, in good agreement with the 

results of our simulation. The study did not report DOF. A clinical study on 40 patients 

(Gundersen et al. 2021), and another on 16 patients (Kohnen et al. 2022) who were 

implanted binocularly with the Acrysof IQ Vivity IOL showed good far and intermediate 

vision and low reports of patients bothered by glare, halos or starburst.  
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Our comparisons between the simulated performance with the Acrysof IQ and Acrysof IQ 

Vivity IOLs in non-LASIK eyes can be contrasted with two studies that compared the clinical 

outcomes of these two lenses (McCabe et al. 2021, McCabe et al. 2022). After 6 months of 

implantation, in photopic conditions, McCabe et al. 2021, McCabe et al. 2022 found that the 

DOF was higher in the eyes implanted with the EDOF IOLs than the ones implanted with the 

monofocal. In addition, VA at 66 cm was higher for the EDOF IOL, in agreement with our 

findings for 3.0-mm pupil diameters. Additionally, data on the influence of pupil diameter in 

the performance of the Vivity Acrysof IQ IOL described in an FDA report (FDA PMA P930014) 

showed an increase in DOF in patients when the pupil diameter decreased, matching the 

increase in DOF (from 1.00 to 2.57 D) that was shown in our computer simulations when 

pupil diameter decreased from 5.0 to 3.0-mm (1.20 to 2.50 D).  Furthermore, a study by 

Pastor-Pascual et al. 2022 presented aberrometry measurements on normal patients 

implanted with the monofocal IOL and with the EDOF IOL. Their reported DOF estimates are 

based on VS calculations, and therefore directly comparable with our simulations which use 

the same metric. They show a high degree of correspondence with the current study: DOF 

with the EDOF IOL in the clinical study was 2.50 D, 1.25 D broader than with the monofocal 

IOL, (in our simulations 2.5 D, 1.40 D broader than with the monofocal, for 3.0-mm pupil 

diameters). These VS-based DOF values are also in close agreement with Gundersen et al. 

2021, who reported a DOF obtained from binocular VA defocus curves of 2.50 D in 40 

patients implanted with EDOF IOL in a modified monovision strategy.   

While to our knowledge there are no reports of clinical performance of the Vivity IOL in 

LASIK patients, the good correspondence between our computer simulations with clinical 

performance suggests that we can extrapolate a similar methodology to predict 

performance in post-LASIK patients. To describe post-operative corneas, we used 

aberrometry data in pre- and post- myopic and hyperopic patients obtained in our 

laboratory in the early 2000’s (Marcos et al. 2001, Moreno-Barriuso et al. 2001, Llorente et 

al. 2004). While conclusions are limited to the aberrations induced by the particular laser 

used in these surgeries (B&L Technolas 217-C), and on the laser parameters such as the 

programmed algorithm and laser fluence (Dorronsoro et al. 2006), the timeline appears 

realistic, as a number of patients who had LASIK 20 years ago are approaching 

presbyopic/cataract surgery today and it is still challenging today to choose a multifocal IOL 

in patients with reshaped corneas (Perez et al. 2009, Naseri et al. 2010, Iijima et al. 2015, 

Fisher et al. 2018). A simplification of our approach is to treat the aberrations induced by 

surgery as an additive phase map, instead of replacing the pre-op anterior corneal shape by 

the post-operative topography. However, we implemented both options and observed that 

differences were minimal, and opted for the additive phase map because of the ease to 

implement an induction of SA and coma without impacting higher order aberrations.  

Our simulations show significant degradation of the optical quality in post-LASIK eyes 

(circles in Figures 6.2 and 6.3) in comparison to non-surgical eyes (cross-markers in those 

figures), particularly for 5.0-mm pupil diameters, as higher amounts of aberrations with 

larger pupils degrade retinal image quality further. For small amounts of induced SA, the 

impact of LASIK on performance with implanted IOLs is markedly different in myopic and 

hyperopic LASIK (see asymmetries in the VS curves in Fig 6.2 (A), for induced -0.72 or +0.20 
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µm).  This may be explained by the fact that negative SA induced by hyperopic LASIK 

cooperates with the negative SA of the aspheric IOL to compensate the positive corneal SA. 

For 5.0-mm pupil diameters this results in lower DOF with induced negative SA, with both 

the monofocal and EDOF IOLs.  

While for 5.0-mm pupils both the monofocal and EDOF IOLs appear to be similarly impacted 

by the LASIK-induced aberrations, the performance of the EDOF and monofocal IOLs is 

drastically different at 3.0-mm pupil diameters: visual degradation at far, visual benefit at 

near and DOF is consistently higher with EDOF IOLs in all conditions. Furthermore, at 3.0-

mm pupils, the presbyopic-correction profile of the EDOF IOL appears to prevail above the 

LASIK-induced aberrations, such that the DOF is much higher with the EDOF than with the 

monofocal IOL for the same cornea and remains relatively constant regardless the 

magnitude of corneal aberrations. For 5.0-mm both lenses produce similar DOF, 1.22±0.40D 

and 1.20±0.39D on average for monofocal and EDOF IOL respectively, as VS results, for this 

reason it was not represented in the graphs. 

Halos were quantified by the diameter encircling 50% of the energy. Computational and on 

bench studies on the halos produced by multifocal IOLs (Alba-Bueno et al. 2014), showed 

that halos depend on IOL addition, design, and pupil diameter. In post-LASIK eyes, halos are 

a direct consequence of the induced SA and coma. Unlike other EDOF IOLs, the principles of 

operation of the EDOF IOL under study do not rely on manipulating the spherical aberration, 

and therefore spherical aberration and halos do not appear to be coupled when implanted 

in post-LASIK corneas. Our simulations on non-surgical corneas show lower halos with the 

EDOF IOL than the monofocal IOL (cross markers in Fig 6.4 (A)), and a small impact of pupil 

diameter on halo size (cross markers in Fig 6.4-(A) vs Fig 6.4(B)); although these differences 

do not appear to be clinically relevant as recently published questionnaire-based reports 

(Bala et al. 2022). The larger halos in post-LASIK eyes for 5.0-mm than for 3.0-mm pupils 

indicates the large contribution of the LASIK-induced aberrations on halos. Post-hyperopic 

LASIK eyes with monofocal IOLs exhibit smaller halos than Post-myopic LASIK eyes (5.0-mm 

pupils), presumably because of the above-mentioned compensatory effect of SA. In the 

presence of coma, the value of the halo metric increased more asymmetrically with positive 

and negative SA in EDOF IOL. 

Interestingly, the EDOF IOL appears to protect against the halos produced by myopic LASIK, 

resulting (for the same post-LASIK cornea) in significantly smaller halos than with monofocal 

IOL when positive SA is induced. While the nature of this favorable interaction between the 

EDOF IOL profile and SA needs further investigation, the finding is reminiscent of prior 

reports of favorable interaction between scattering and SA (Perez et al. 2009). That study 

reported on bench and in vivo contrast sensitivity (CSF) measurements through diffusers, 

positive SA and various amounts of defocus, and found that, under several conditions, the 

combination resulted in higher contrast, concluding that the effect was of optical origin.  
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6.5 Conclusion 
We have built pseudophakic post-LASIK models using published data on the LASIK-induced 

SA and coma, and geometrical information of the IOLs (monofocal and EDOF IOLs). Our 

simulations show that the Acrysof IQ Vivity IOL produces a significant benefit at 

intermediate distance at the expense of some degradation at far, although those differences 

are unlikely clinically relevant (Bala et al. 2022). For large pupils the Vivity IOL behaves 

similarly to a monofocal IOL, but significantly enlarges the DOF for smaller pupils. In post-

LASIK eyes we found that the performance of the Acrysof IQ Vivity was rather immune to 

the presence of high order aberrations, and exhibited a quite constant DOF for a large range 

of corneal positive or SA. The Vivity IOL appears particularly suitable in post-myopic LASIK 

surgery eyes, given the larger DOF expected compared to that produced by the monofocal 

IOL for smaller pupils, and the smaller halo for larger pupils. While our computer eye models 

capture corneal shape and the IOL geometry, several aspects could make them rather 

realistic. For example, computer eye models can incorporate patient-specific geometrical 

and biometric data of the cornea and lens, IOL tilt and decentrations, or the off-axis location 

of the fovea, which have shown to reproduce the eye’s wave aberration. Also, previous 

studies from our group have reported on the effect of manufacturing variability and 

centration experimentally with another IOL, which could be the object of a future study. 

Further support to these recommendations could be achieved through visual simulations in 

real post-LASIK patients. On bench Adaptive Optics Visual Simulators or wearable visual 

simulators (SimVis) are capable of simulating IOLs by mapping a phase map representing the 

lenses or by temporal multiplexing (Akondi et al. 2017, Vinas et al. 2017, Vinas et al. 2017, 

Akondi et al. 2018, Vinas et al. 2019, Radhakrishnan et al. 2019, Vinas et al. 2019). 

Understanding the coupling of the IOL design with the corneal aberrations and pupil size 

through computer and visual simulations is a valuable avenue to improve lens design and 

customized IOL selection.  

• When compared with a monofocal IOL, the Acrysof IQ Vivity IOL enlarges the DOF, 

from 1.2 to 2.5 D, at the expense of some degradation at far, VS from 0.61 to 0.52 

and 0.67 to 0.98, for monofocal and EDOF IOL, 5.0 and 3.0 mm, respectively. 

• In post-LASIK eyes, performance of the Acrysof IQ Vivity is rather immune to the 

presence of high order aberrations and exhibits a quite constant DOF (less than 0.5 D 

change) for a large range of corneal SA.   

• The Vivity IOL appears particularly suitable in post-myopic LASIK surgery eyes, given 

the larger DOF expected compared to that produced by the monofocal IOL for 

smaller pupils, and the smaller halo for larger pupils. 

 

This chapter showed results of the Acrysof IQ Vivity computer simulations and the 

prediction of the suitability of this IOL for post-LASIK subjects, according with literature 

results in clinics our findings are in agreement. Next chapter will show the results of Acrysof 

IQ Vivity simulation accuracy experimentally with SimVis technology. 
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7 Computational and on bench visual 
simulation of Acrysof IQ Vivity 

 

The Acrysof IQ Vivity IOL by Alcon Research Labs was evaluated computationally in the 

previous chapter was simulated on bench using the Spatial Light Modulator of the AO 

system and implemented for its use with SimVis technology. Experimental tests were 

performed to study the through focus optical performance both in a model eye and on 

subjects with paralyzed accommodation. 

Part of the on-bench validation was presented in an oral communication in the XIII Reunión 

Nacional de Óptica (RNO) held in 2021 entitled “Validation of EDOF IOL simulations in an 

adaptive optics visual simulator” and the final results were presented in a poster n the 

Optics and Photonics for Scientific Progress 2021 (OPSP) entitled “From real lens design to 

simulation in SimVis Gekko” by C. Lago.  

The contributions of the author of this thesis, with the help the directors and Sara El Aissati, 

was to design the computational model eyes, to extract the wavefront maps, to calculate 

the phase maps and temporal coefficients to simulate the IOL with SimVis, to simulate Vivity 

IOL with an EO lens correcting the dynamic effects measured in a high speed focimeter, to 

implement and calibrate an adaptive optics system, to perform the measurements on bench 

and to analyze the results.  
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7.1 Introduction 
The comparison of the outcomes of computational simulations and experimental studies 

simulating vision with a particular IOL design are key to clarify the different assumptions on 

which each of the simulations method rely and to study the limitations of the simulation 

technologies, such as resolution of abrupt changes in the deformable mirror (DM) or 

chromatic aberration in the spatial light modulator (SLM).  

As stated before, the AO system used in this thesis, allows the comparison between three 

different simulators that uses different physical principles. While with the SLM, the phase 

map, extracted from the IOL design, is mapped on the liquid crystal display, with the cuvette 

channel, the physical IOL is conjugated with the entrance pupil plane of the eye and with the 

optotunable lens (SimVis technology), the principle of temporal multiplexing creates the 

appearance of a multifocality on the retina. In addition, the supercontinuum laser source of 

the system allows performing measurements at different wavelengths and single and 

double pass measurements allow an independent measurement of the retinal image 

quality. 

We conduced experimental tests on model eyes and on subjects to study the fidelity of the 

different simulating options (SLM and SimVis) when compared to the cuvette channel. 

 

 

 

7.2 Methods 
7.2.1 Computational model eyes 

The model eye described in chapter 2 was used with the IOL Acrysof IQ Vivity. Two IOL 

powers were studied (20 and 22 D) with the same corneal power 43 D and a corneal 

spherical aberration (SA) of 0.28 µm at 6.0-mm pupil diameter, which corresponds to the 

average SA found in the population (Wang et al. 2003, Beiko et al. 2007). The anterior 

chamber depth was set to 3.20 mm and axial length was calculated to minimize the RMS 

spot size using OpticStudio. We studied the optical quality at 3 different pupil sizes (3.0, 4.0 

and 5.0-mm diameter) to assess the IOL performance with different light conditions.  

The metrics calculated to assess the optical quality were: the Modulation Transfer Function 

(MTF) at 30 and 15 cycles per degree (cpd), the Visual Strehl ratio (VS). The TF value of the 

metric was calculated for the three different pupil diameters (3.0, 4.0 and 5.0-mm) in a 

range of 7 D (from -2 D to 5 D). As before, the DOF was defined as the range of diopters for 

which the VS was equal or above 0.12 (Yi et al. 2011). All these metrics were calculated with 

custom scripts written in Matlab that used as input the wavefront maps extracted from the 

model eyes in OpticStudio. 
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7.2.2 IOL simulation with the SLM  

The procedure to simulate an IOL in the SLM of the AO system was detailed in chapter 2. 

Essentially a phase map that represents the aberrations of the lens was calculated by 

subtracting the wavefront aberrations of the computational pseudophakic eye model eye 

with the IOL implanted described previously, with the wavefront aberrations of the same 

model eye with a neutral IOL, simulated with a paraxial surface in OpticStudio.  

The phase map was mapped in the SLM and projected onto the pupil of the subject with the 

AO system so that the optical characteristics of the intraocular lens, i.e. multifocality, 

additional spherical aberration or other aberrations, could be experienced by the subject 

that viewed the stimulus projected in the display of the AO system through those particular 

optics. 

 

7.2.3 IOL simulation with the SimVis 

The procedure to simulate a lens design with the SimVis channel was also described in detail 

in chapter 2. Basically, the optical power of an optotunable lens was changed at high speed 

to mimic the TF VS ratio of the lens, trough temporal multiplexing.  

First the through focus VS of the phase map described in the previous section was 

calculated with Fourier Optics by calculating the MTF and then multiplying by the average of 

the human eye (Mannos et al. 1974) divided by the diffraction limited MTF for the same 

pupil size weighted with the human CSF. Then the temporal coefficients that needed to be 

applied to a tunable lens were calculated using custom programs developed by 2EyesVision 

(Akondi et al., 2017, 2018) and the simulation was validated using a high-speed focimeter, 

where the time spent at each optical power was calculated. The methods used for this 

simulation accounted for the dynamic effects that appear when driving the tunable lenses at 

high speed (Akondi et al. 2018, Dorronsoro et al. 2019). 

 

7.2.4 IOL simulation using the cuvette channel 

The cuvette channel was described Chapter 2 and in a recent publication (Benedi-Garcia et 

al. 2021). A physical IOL was inserted in a cuvette and projected onto the eyes pupil by using 

a Rassow telescope, that consisted of a 4-focal system formed by the IOL and a 20 D 

achromatic lens, to compensate 20 D of the optical power of the IOL (the cuvette is placed 

in a conjugated pupil plane with the artificial eye). The subject viewed the stimulus through 

the cuvette channel that formed an afocal system. When a lens with a base power different 

than 20 D was inserted on the cuvette, in this study 22 D, the 2 D residual defocus was 

compensated with the Badal system. 

 

7.2.5 Experimental measurements on the artificial eye 

Through focus single (1P) and double pass (2P) images were obtained using the model eye. 

Essentially, a Snellen E letter (letter size 45 pixels, 0.15 degrees angular subtend, equivalent 

to a VA of 0.3 LogMAR) was shown in the DMD and illuminated with the super continuum 
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LASER and the image projected on the artificial eye retina was obtained with a CCD, and by 

substituting the CCD with a diffuser, the spot projected on the retina was captured with the 

double pass retinal image camera. Optical quality was estimated from the images using the 

metrics described before. In essence, the quality of 1P images was estimated by cross 

correlating them with an image captured by correcting all optical aberrations in the system, 

and the 2P image quality was estimated with the full width at half maximum (FWHM) of the 

double pass PSF captured by the camera.   

Both, 1P and 2P TF optical quality curves were studied when the 22 D Acrysof IQ Vivity IOL 

was simulated with the three simulators described before (SLM, IOL on cuvette and SimVis 

technology) with 3 different pupil diameters (3.0, 4.0 and 5.0-mm). In addition, the 

measurements were performed using a monochromatic stimulus (green, 555 nm) and 

polychromatic light (white light).The differences between the three optical simulations of 

the lens (SLM, SimVis and cuvette) were evaluated using the root mean square (RMS) of the 

difference between TF optical quality curves. 

 

 

 

7.3 Results 
7.3.1 Optical quality and DOF of the computational model eyes  

Figure 7.1 shows the OpticStudio wavefront aberrations obtained from the pseudophakic 

model eyes implanted with the 20 D and 22 D Acrysof IQ Vivity IOL respectively. Data are 

shown for different pupil diameters and as expected, the smaller pupil diameters are 

cropped and magnified versions of the maps for larger pupil diameters. Phase in this figure 

is expressed in waves (0.55 µm). As can be observed there are no differences in the phase 

map between the two powers. 
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Fig. 7.1: Wavefront aberrations of the model eye implanted with the Acrysof IQ 
Vivity IOL 20 D (top) and 22 D (bottom), for 3 different pupil diameters (3.0, 4.0 

and 5.0-mm). 

 

Figure 7.2 shows the TF MTFs at two different frequencies (30 and 15 cpd, according with 

the ANSI Z80.35-2018) and the TF VS in eyes implanted with the Vivity IOL with 22 D as well 

as the 0.12 threshold value used to calculate the DOF (Yi et al. 2011). As expected, we 

obtained the same TF curve when the 20 D IOL was simulated. For 20 D similar results were 

found (not shown here). 

 

 

Fig. 7.2: TF image quality for the 22 D Acrysof IQ Vivity IOL, for 3 different pupil 
diameters (3.0, 4.0 and 5.0-mm), in model eye. Image quality metrics: MTF at 15 
and 30 cpd and VS. The horizontal line indicates 0.12 value (used in DOF metric). 

 

The difference in metric value at best focus changed considerably with pupil size from 3.0 

and 5.0-mm pupil diameter the metric increased from 0.27 to 0.5, from 0.33 to 0.66 and 

from 0.44 to 0.76 for MTF at 30 cpd, MTF at 15 cpd and VS, respectively, with most of the 

change occurring below 4.0-mm pupil diameter.  

The change in DOF with pupil size was gradual (see Figure 7.2) and decreased when the 

pupil diameter increased from 3.29 D for 3.0-mm, to 2.57 D at 4.0-mm, and 1.89 D at 5.0-

mm pupil diameter.  

 

7.3.2 Phase map representation of the Acrysof IQ Vivity IOL.  

Figure 7.3 shows the phase map representation of the 22 D Acrysof IQ Vivity IOL at 3 

different pupil diameters (3.0, 4.0 and 5.0-mm). These phase maps were represented in the 

SLM for IOL simulation.    
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Fig. 7.3: Phase maps representing the Acrysof IQ Vivity IOL profile for 22 D, and 
three pupil diameters (3.0, 4.0 and 5.0-mm). Units of the phase map are waves 

(0.55 nm). 

7.3.3 SimVis representation of the Acrysof IQ Vivity IOL 

The phase maps with the information of the phase added by the IOL shown in Figure 7.3 

were used to calculate the TF performance of the IOL in a range of 7 D (from -2 to 5 D).  The 

SimVis temporal coefficients were adjusted so that the SimVis simulation pattern replicated 

the TF optical performance of the real lens and the results of the simulations are shown in 

figure 7.4 for three different pupil diameters (3.0, 4.0 and 5.0-mm). The graphs represent 

the nominal TF optical performance obtained computationally from the lens phase map 

(violet lines), and the expected TF performance of SimVis simulation when applying the 

temporal coefficients to a tunable lens (orange lines). The differences between the Acrysof 

IQ Vivity TFVS and the SimVis simulated TFVS were always below 0.1 and the mean RMS of 

the difference between curve was 0.016, 0.013 and 0.019 for 3.0, 4.0 and 5.0-mm 

respectively. Similar results (not shown here) were obtained with the 20 D IOL. 

 

 

Fig. 7.4: TFVS performance of the Acrysof IQ Vivity IOL (magenta) and the SimVis 
simulation of this lens (orange). Data are for the 22D Acrysof IQ Vivity IOL and 3 

pupil diameters (3.0, 4.0 and 5.0-mm). 

 

The physical IOL provided by Alcon healthcare S.A. had a power of 22 D and the SimVis 

simulation for this study was performed using the phase map of the IOL with this power. In 

the figure 7.5, the upper graphs show the set of SimVis temporal coefficients used to 

represent the IOL for the three pupil diameters (3.0, 4.0 and 5.0-mm). The simulation using 

these coefficients was validated experimentally using the high-speed focimeter described in 

chapter 2. Essentially the dynamic change of focus of the tunable lens was obtained and the 

VS was estimated from the change of focus to evaluate the TFVS of the IOL simulation with 
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the correction of the dynamic effects of the optotunable lens. The TF performance of IOL 

(computational SimVis TFVS, orange) and the performance of the SimVis simulation 

(Experimental SimVis TFVS, grey) are represented in figure 7.5. The differences were always 

lower than 0.05 and the mean RMS of the difference between curves was 0.015, 0.027 and 

0.020 for 3.0, 4.0 and 5.0-mm respectively. 

 

 

Fig. 7.5: Temporal coefficients representing the lens on SimVis (top) and TF SimVis 
VS performance (bottom) of the Acrysof IQ Vivity IOL 22D (orange) and the 

experimental SimVis TFVS simulation of the lens (grey). Data are for the 3 pupil 
diameters (3.0, 4.0 and 5.0-mm). 

 

7.3.4 Through Focus optical quality when simulating the lens with SLM, SimVis and the 

cuvette channel. 

On-bench through focus single and double pass optical quality 

Examples of the 1P and 2P image series are shown for 3.0-mm (figure 7.6) and 5.0-mm 

pupils (figure 7.7), for the three simulation modalities: SLM, SimVis and Cuvette. 
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Fig. 7.6: TF series of single-pass images of an E-letter stimulus (top images) and 
double-pass images of a spot (bottom images) in an artificial eye, through the 

Acrysof IQ Vivity Lens (22 D) simulated in the SLM (upper), in the SimVis (middle) 
and the physical lens immersed in the cuvette (bottom) for 3.0-mm pupils. Double 
pass images were captured with a 12-bit camera and seem to be saturated in the 

image. All data are for monochromatic green light. 

 

 

Fig. 7.7: TF series of single-pass images of an E-letter stimulus (top images) and 
double-pass images of a spot (bottom images) in an artificial eye, through the 

Acrysof IQ Vivity Lens (22 D) simulated in the SLM (upper), in the SimVis (middle) 
and the physical lens immersed in the cuvette (bottom) for 5.0-mm pupils. All 

data are for monochromatic green light. 

 

Figure 7.8 shows the image quality calculated using cross correlation in the 1P images 

(upper row) and FWHM of the obtained spot in 2P images (bottom row). The results of the 

three different pupil diameters are shown for the three simulating channels: SLM (green), 

SimVis (orange) and cuvette (purple). 
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Fig. 7.8: Top. TF for E-letter stimulus projected on the artificial retina (CCD) of an 
artificial eye (correlation metric). Bottom, for double-pass retinal imaging of a 

point (FWHM), for three different pupil diameters (3.0, 4.0 and 5.0-mm) and the 
three simulating platforms: SLM (green), SimVis (orange) and Cuvette (purple). 

 

From the above curves it is evident that the DOF decreases when the pupil diameter 

increases with the three simulations. However, the change in the peak metric value is more 

subtle and seems to be higher for 5.0-mm pupil diameter when the lens was simulated with 

SimVis, about the same value with SLM and with the cuvette. 

The comparison between the three simulating platforms (SLM, SimVis and Cuvette) for the 

three pupil diameters (3.0, 4.0 and 5.0-mm) is presented in figure 7.9. 
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Fig. 7.9: Top. TF for E-letter stimulus projected on the artificial retina (CCD) of an 
artificial eye (correlation metric). Bottom, for double-pass retinal imaging of a 
point (FWHM), for different pupil diameters (3.0, 4.0 and 5.0-mm) in the three 

simulating platforms: SLM (green), SimVis (orange) and Cuvette (purple). 

 

The TF curves in Fig 7.9 show a good correspondence between the three simulation 

methods: SLM, SimVis and cuvette channels. The fit between simulations was assessed 

using the cuvette channel with the physical IOL as reference and calculating the RMS 

difference of the TF curves for a given simulation (SLM or SimVis) for the entire focus range. 

Figure 7.10 shows the RMS difference for the TF of the single pass E-stimulus images (top), 

and for the TF of the double-pass images (bottom). Differences between the physical lens 

and simulations tend to be higher for larger pupils, but they are generally small (less than 

10% of the metric range).  

 

 

Fig. 7.10:  RMS difference of the TF curves between the SLM (green) or SimVis 
(orange) simulated lens with the cuvette, for single pass E-stimulus images (top) 

and double-pass images (bottom) for three pupil diameters (3.0, 4.0 and 5.0-mm). 

Figure 7.11 shows the performance with green light (555nm) and white light illumination of 

the stimulus, when the IOL was immersed in the cuvette at 5.0-mm pupil diameter. As can 

be observed, with white light the correlation metric decay is slower than with green light. 
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 Fig. 7.11:TF curves (for E-letters stimulus) in green (green solid line) and white 
(solid dots). Data are for 5.0-mm pupils and correspond the Acrysof IQ Vivity lens 

(22 D) immersed in the cuvette. 

 

 

 

7.4 Discussion 
The Acrysof IQ Vivity IOL was evaluated computationally in pseudophakic model eyes and 

on-bench with physical eye models, in a cuvette and simulated as a phase map and 

temporal. Multiplexing with different visual simulators (in different channels in an AO visual 

simulator platform). As discussed in the previous chapters, we designed a custom model of 

the cornea with a spherical aberration equal to the average spherical aberration found in 

the population (Want et al. 2003, Beiko et al. 2007). In the previous chapter we 

demonstrated little influence of corneal spherical aberration, therefore our tests did not 

include varying spherical aberration. 

The results of the computational simulations performed with the Acrysof IQ Vivity IOL show 

that the performance is similar between the 20 and 22 D IOL power lenses (Figure 7.2). Also, 

the simulations performed to calculate the time coefficients needed to simulate this lens 

with SimVis show a good agreement between the nominal and the theoretically calculated 

TFVS with SimVis (Fig 7.4 and 7.5), confirming the optical similarity through focus of both 

lens powers. Studying different powers can be important since in some cases, there can be 

slight differences of performance between IOLs in the same catalog across powers (chapter 

3).   

We found that the optical quality increased when increasing the pupil diameter from 0.33 at 

3.0-mm pupil diameter to 0.76 at 5.0-mm pupil diameter (VS metric) and that the DOF 

increased with small pupil diameter: from 1.8 D at 5.0-mm to 3.35D at 3.0-mm. These 

results are in agreement with those presented by Fernández-Vega-Cueto et al. 2022, who 

reported the TF MTFs curves of Acrysof IQ Vivity in optical bench at two pupil diameters 3.0 

and 4.5-mm and found that MTF peak value at distance increased with larger pupil (28.9 and 
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38.9 for 3.0 and 4.5-mm respectively). In another study by Pieh et al. 2022, reported TF 

MTFs with different IOLs, at 3.0 and 4.5-mm pupil diameter at 546 nm, and showed an 

increase of energy at far when the pupil increased, and an extension of DOF when pupil 

decreased.  

Despite the change in IOL performance with pupil diameter, the DOF was always above 1.5 

D and the peak VS above 0.3. As discussed in the previous chapter, our results agree with 

those performed by Pastor-Pascual et al. 2022 that used aberrometry measurements on 

normal patients implanted with Vivity IOL and estimated that DOF was 2.50D, and with 

those by Gundersen et al. 2021, who measured binocular Visual Acuity in 40 patients and 

reported an average DOF of 2.5 D. 

In the on-bench measurements data. shown in Fig 7.8, EDOF expansion is observed 

qualitatively for 3.0-mm pupils in 1P E-stimulus TF curves, and 2P TF curves across the 3 

active elements evaluated (SLM, SimVis and cuvette) when compared with the results for 

5.0-mm pupil diameters. These results agree with the data on the influence of pupil 

diameter in the performance of the Vivity IQ IOL described in an FDA report (Schallhorn 

2021) that showed an increase in DOF (from 1.00 to 2.10D) in patients when the pupil 

diameter decreased (from more than 4.0-mm to less than 3.0-mm) 

The quality of simulation was assessed by the RMS difference of the TF curves for a given 

simulation (SLM or SimVis) when compared with data in the cuvette, which were taken as 

reference. Although differences between simulators with the cuvette increased at larger 

pupil diameters (5.0-mm) they are generally small (less than 10% of the metric range). 

Differences can arise from different factors. The phase presented in the SLM is limited 

between 0 and 2π and was wrapped for presentation. Since with larger pupils the 

aberration values are larger, more wrapping is needed to simulate the IOL than for small 

pupils. The wrapping process could increase the scattering of light in the SLM surface and 

decrease image quality when compared with other simulator techniques. SimVis also 

deviated from the simulations using the cuvette. With SimVis, different simulations were 

performed for the different pupil sizes and the three were validated using the focimeter and 

the largest differences are found for the largest pupil sizes.  During the experiment the lens 

was carefully centered, all the measurements were performed in the same day to avoid 

possible differences arising from IOL misalignments. We ensured that there were not 

bubbles in the cuvette that could increase the scattering, nonetheless, micrometric 

decentration could results in small deviations of the TFVS. 

The IOL performance at 5.0-mm was measured using the cuvette channel with white light to 

compare with the results obtained in monochromatic light (green, 555-nm) and the results 

show an increase of the DOF with the IOL performance when is measured with 

polychromatic light. This was also observed in an on-bench study by Pieh et al. 2022 with 

Acrysof IQ Vivity measured at 546 nm and white light.  
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7.5 Conclusions 
In this study, we conclude from our computational analysis on Acrysof IQ Vivity IOLs optical 

performance that the behavior is not different for the IOL powers 20 and 22 D, and that this 

EDOF IOL offers high optical performance in a range of pupil diameters 3.0 to 5.0 mm at 

best focus with a higher optical quality for 5.0-mm pupil diameters and a widest DOF for 

3.0-mm pupil diameters. These results agree with previous reports found in the literature 

with measurements on ISO approved model eyes or on patients after cataract surgery.  

The phase maps to simulate the lens in an SLM and to calculate the temporal coefficients 

needed to simulate the lens with SimVis technology were estimated and the lens was 

simulated in the AO system with a good correspondence (RMS difference less than 10%) 

with the simulation based on introducing the lens on a cuvette and projecting it on the eye’s 

pupil with a Rassow telescope, confirming the ability to simulate the Acrysof IQ Vivity IOL 

with high fidelity. 

• Acrysof IQ Vivity is a pupil dependent intraocular lens with high optical performance 

at 5.0-mm pupil diameters, and a maximum DOF with 3.0-mm pupil diameters. 

• The lens can be simulated in the SLM and with SimVis technology and a good 

correspondence was found (RMS difference less than 10%) between the simulations 

when compared to the cuvette channel. 

• SimVis technology can be used to simulate this intraocular lens with temporal 

multiplexing.  
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8 SimVis simulation of PresbyLASIK 
corrections: Computational, on-bench 
and clinical validation of corneal 
ablation patterns for SimVis Gekko 

 
This study validates a new application for the SimVis Gekko, the binocular simultaneous 

visual simulator, that used the SimVis technology based on temporal multiplexing to 

simulate, for first time, corneal ablation multifocal patterns before PresbyLASIK refractive 

surgery. It was performed in collaboration with the company Schwind eye-tech-solutions 

GmbH, Kleinostheim, Germany.  

The preliminary results were presented as a poster presentation at The European Society of 

Cataract and Refractive Surgery congress 2022 under the title “SimVis simulation of Lasik 

corneal ablation patterns for presbyopia correction- Computational, on-bench and clinical 

validations” and the corresponding article is in preparation.  

The contributions of the author of this thesis, with the help of co-authors, were the 

extraction of power profiles, computational and on-bench validations with a high-speed 

focimeter of the SimVis simulations for different pupil diameters, and clinical protocol 

design for clinical validation in subjects wearing the SimVis Gekko. 
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8.1 Introduction 
As described in the introductory chapter, there are different presbyopia corrections 

strategies such as glasses, multifocal contact lenses, monovision, IOLs, corneal inlays, 

corneal shrinking techniques (conductive keratoplasty) and corneal ablation for presbyopia 

(Titiyal et al. 2021). Laser in situ keratomileusis for presbyopia correction (PresbyLASIK) 

(Shetty et al. 2020) is a surgical technique that combines the LASIK ablation pattern, to 

correct for the subject’s refractive distance error, and the correction for near/intermediate 

distances to reduce the dependency of spectacle in subjects with presbyopia. Two different 

techniques can be performed:  peripheral or central PresbyLASIK technique, central being 

the most used in clinics (Vargas et al. 2017). In central PresbyLASIK technique, the central 

ablation pattern corrects for near vision and the peripheral pattern corrects for far vision. 

The PresbyLASIK market is increasing with different kinds of corneal ablation patterns that 

are available such as CustomVue™ VISX (AMO Development LLC, Milpitas, California, USA) 

(Jung et al. 2008), Supracor (Technolas Perfect Vision GmbH, München, Germany) (Ryan et 

al. 2013) or PresbyMax (SCHWIND eye-tech-solutions GmbH, Kleinostheim, Germany) 

(Baudu et al. 2013). Therefore, the need to develop techniques to simulate accurately what 

the subjects would experience after PresbyLASIK surgery is crucial. As far as we know, there 

is no visual simulator able to simulate PresbyLASIK surgery beforehand. Nonetheless, being 

able to simulate these patterns before surgery will avoid discontent after PresbyLASIK 

treatment and/or a new intervention with "presby reversal” surgery (Luger et al. 2014). 

SimVis Gekko, a binocular simultaneous visual simulator based on liquid membrane 

optotunable lenses (TLs) (Dorronsoro et al. 2019)  working under temporal multiplexing 

(Akondi et al. 2017) proves to simulate accurately multifocal intraocular lens (IOLs) designs  

(Akondi et al. 2018, Vinas et al. 2019, Vinas et al. 2019, Sawides et al. 2021) and multifocal 

contact lens (MCLs) designs (Vinas et al. 2020, Barcala et al. 2020) demonstrating that the 

SimVis simulations mimic the real lens performance. With this study, we go beyond and 

demonstrate that the SimVis technology can accurately simulate corneal ablation patterns 

for presbyopia corrections and make the SimVis Gekko visual simulator more versatile.  In 

collaboration with Schwind eye-tech solutions GmbH (Kleinostheim, Germany), we 

simulated PresbyLASIK corrections – PresbyMAX – for different additions and validated the 

simulation in three phases: computationally using custom Matlab routines, on-bench using a 

high-speed focimeter (Dorronsoro et al. 2019) and clinically on subjects wearing the SimVis 

Gekko. 
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8.2 Methods  
8.2.1 Corneal ablation profiles 

SCHWIND eye-tech-solutions GmbH (Kleinostheim, Germany) is a company that produces 

refractive surgery lasers and develops Corneal Ablations patterns for PresbyLASIK (ablation 

of the stroma with an excimer laser to create a multifocal pattern in the cornea to treat 

presbyopia), LASIK (to correct defocus and astigmatism), and TransPRK (laser ablates the 

cornea directly over the epithelium until the stroma with a pattern designed to correct 

defocus and astigmatism). The PresbyMAX is a central PresbyLASIK with bi-aspheric ablation 

profile that multifocally corrects both eyes (Luger et al. 2012, Uthoff et al. 2012). Three 

different patterns were designed to correct presbyopia with PresbyMAX, all the patterns are 

designed to correct far vision for the dominant eye (DE); and to provide good 

intermediate/near vision for the non-dominant eye (NDE). Among the different designs for 

presbyopia corrections, there are:   

(1) µ-monovision pattern: both eyes are treated symmetrically with the same multifocal 

pattern. The non-dominant eye (NDE) pattern has the distance target shifted with slight 

myopic defocus spreading the DOF until near vision; while DE has the far target at 0D and 

near target covers intermediate distance. 

(2) hybrid pattern: The ablation pattern is asymmetric between eyes, in NDE is used the 

same multifocal pattern than in µ-monovision while DE is treated with half of the 

multifocality, with a half of DOF.  

(3) Monocular pattern: the multifocal ablation pattern is only applied to the NDE (designed 

for intermediate and near vision), and the DE is corrected with a 0D monofocal.  

 

 

Fig. 8.1: Classification of the 3 types of ablation pattern. Pink line represents the 
non-dominant eye (NDE) and the blue line the dominant eye (DE). (1) is the µ-
monovision pattern, (2) hybrid pattern and (3) monovision pattern. All of them 

are represented for a refraction at far 0D and Addition of 2 D.  

 

Power profiles of the local refractive corrections applied to the cornea for the Hybrid design 

were provided by Schwind eye-tech-solutions company for a 0D refraction (emmetropic eye 

correction) and five different additions ranging from 1.50 to 2.50 D in 0.25D steps, for both 

dominant (DE) and non-dominant (NDE) eye patterns, in the same format as published by 

Luger et al. 2012 and Uthoff et al. 2012. As an example, figure 8.2 shows the local corneal 

refraction profiles for NDE (pink) and DE (blue) patterns for a 1.75D addition.   
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Figure 8.2: Example of data provided by Schwind eye-tech-solutions: Hybrid local 
refractive correction profiles (0D refraction and 1.75D addition) applied to the 

cornea as a function of radial distance for the dominant eye (DE, blue) and non-
dominant eye (NDE, pink) patterns. 

 

8.2.2 General pipeline to include the SimVis lens into the SimVis Gekko   

Figure 8.3 shows the overview of the pipeline to validate a SimVis lens from the local 

refractive correction profile (showed in the methods chapter for Isopure IOL) for the NDE 

hybrid profile at 4.0-mm pupil diameter with a 1.75D, provided by SCHWIND-eye-tech-

solutions. The SimVis temporal profile of the corneal ablation pattern was estimated from 

calculations of the corresponding through focus optical quality in terms of through Focus 

Visual Strehl ratio (TFVS). 
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Fig.8.3: Characterization and validation of a corneal ablation pattern: example 

for hybrid NDE with addition of 1.75D for 4.0-mm pupil diameter. (1) Calculation 

of the wave aberration (phase map) from the local refractive correction profile of 

the design. (2) Calculation of the through focus performance (Visual Strehl optical 

metric, TFVS ratio) for the PresbyMAX design and from the SimVis Lens 

calculated. (3) the SimVis temporal coefficients obtained through an iterative 

optimization procedure and (4) obtention of the SimVis temporal profile. (5) On 

bench validation of the SimVis lens, measuring the Experimental SimVis Lens 

using the high-speed dynamic focimeter provided with a high-speed camera 

(3823 fps). Then the SimVis Lens can be used in the SimVis Gekko, on subjects. 

 

First, the wave aberration map (phase map) of each PresbyMAX pattern was calculated from 

the corresponding local refractive correction profile provided by SCHWIND-eye-tech-

solutions. Then, the MTF was estimated from the wave aberration and pupil function using 

Fourier Optics. The Visual Strehl ratio (VS) was used as an optical quality metric, estimated 

as the neural contrast sensitivity weighted Modulation Transfer Function (MTF) of the 

system (Marshack et al. 2004, Iskander et al. 2006). The through-focus performance (TFVS 

ratio) of the design was evaluated, Figure 8.3(2), and SimVis temporal coefficients, Figure 

8.3(3), describing a lens from the theoretical through focus calculation described before 

(Akondi et al. 2018, Akondi et al. 2017) were calculated. These temporal coefficients stand 

for the weighting factors of a series of defocused monofocal PSFs, tuned to match the 

through focus optical quality of the corneal ablation pattern design in an iterative 

optimization procedure to obtain the temporal profile of the SimVis Lens, Figure 8.3(4). 

Then, the SimVis lens was validated on-bench with a high-speed dynamic focimeter [1], 

provided with a high-speed camera (3823 fps), where the through focus visual Strehl ratio of 

the Experimental SimVis Lens is evaluated with specific Matlab custom routines. The SimVis 
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Lens was validated when it mimics the real lens design in terms of TF Visual Strehl ratio, 

where the peaks of the design are not shifted more than 1/8 diopter from the real lens 

design. The number of temporal coefficients will vary according to the pattern design.  

 

8.2.3 Computational validation  

First, phase maps were calculated using custom Matlab programs from the local refractive 

correction profiles of the corneal ablation patterns. In total, 30 phase maps were generated 

corresponding to DE and NDE profiles, 5 different additions (1.5 to 2.5 in 0.25D step) and 3 

different pupil diameters of 3.0, 4.0 and 5.0-mm. Figure 8.4 shows, as an example, the 

phase Maps for the Hybrid design for 1.75D add, the DE and NDE patterns for 3.0, 4.0 and 

5.0-mm pupil diameters. 

Then, the through focus visual performance (in terms of Visual Strehl ratio) for each 

PresbyMAX pattern were calculated using custom Matlab routines (Estimated TFVS) and the 

SimVis temporal profiles evaluated according to the temporal coefficients that best 

represents the corneal ablation profile for temporal multiplexing and the SimVis lens TFVS 

calculated.    

 

 

Fig. 8.4: 6 Phase map representation of hybrid pattern with addition of 1.75D, up the Dominant eye 
(DE) for 3.0, 4.0 and 5.0 -mm pupil diameter (from left to right), below the Non-Dominant Eye (NDE) 

representation for the 3 pupil diameters. 

 

8.2.4 On Bench validation of the SimVis PresbyMAX ablation patterns  

A high-speed focimeter provided with a high-speed camera (3823 fps) explained in detail in 

chapter 2 section 2, (Dorronsoro et al. 2019) was used to validate on-bench the SimVis 

simulations of the 30 hybrid corneal ablation profiles. An optotunable lens EL-3-10 

(Optotune, Switzerland, reference ARAA2311) was placed in a conjugated pupil plane and 

the tunable lens was characterized to check for dynamic effects that should be corrected. 
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Then, the optical quality of the SimVis simulations (experimental SimVis TFVS) were 

evaluated using custom programs in Matlab and compared to the TFVS of each PresbyMAX 

patterns.   

 

8.2.5 Clinical measurement on subjects wearing the SimVis Gekko visual simulator while 

simulating SimVis PresbyMAX ablation patterns  

Local refractive correction profiles 

To clinically validate the SimVis simulations of corneal ablation patterns, visual acuities 

measured in subjects wearing SimVis Gekko in a clinical environment were compared to 

visual acuities measured in subjects that underwent PresbyLASIK (PresbyMAX) surgery, 

based on literature one year after surgery (Luger et al. 2020). Luger and colleagues 

measured Through Focus Visual Acuities (TFVA) in 19 subjects (51±3 years old, range from 

45 to 55 years; SEQ=-0.57D±1.98D) with a mean addition of 1.76±0.36D and measured in 

photopic condition with a pupil diameter in photopic condition smaller than 3.0-mm. 

Therefore, to compare the TFVA measured with the SimVis Gekko simulating PresbyMAX 

pattern to the published data form Luger and colleagues, the SimVis simulations of a hybrid 

profile at 3.0-mm pupil diameter and 1.75D add for dominant (DE) and non-dominant (NDE) 

eyes were used in the clinical validations.   

 

Subjects 

A total of 20 healthy presbyopic subjects (54±5 years old, range from 46 to 62 years) 

participated in the study. The refraction was measured with a mean SEQ = RE 0.60±1.93D 

(right eye, RE) and 0.55±1.99D (left eye, LE). Table 8.1 summarized subject’s information in 

terms of ages and refractions. 

Motor dominance was assessed, as it is of relevance to decide which simulation (DE or NDE) 

was projected in the subject’s eyes before measuring the though focus visual acuity (TFVA) 

curves. Subject’s refraction was corrected for far in both eyes with trial lenses in a dedicated 

slot of the SimVis Gekko for all TFVA curve measurements. 

 

Through focus visual acuity measurements 

Three TFVA curves were measured in binocular conditions in a range from -4 to 1D, in steps 

of 0.50D: 

(1) TFVA curve measured with a monofocal lens simulated in both eyes in the SimVis 
Gekko 

(2) TFVA curve measured with the SimVis Gekko simulating the hybrid 1.75D 3.0-mm 
DE (in the dominant eye of the subject) and NDE (in the non-dominant eye of the 
subject) patterns. In this case, the myopic defocus designed in the hybrid profile 
was kept and only the refraction of the subject is corrected, providing 
information of natural vision after PresbyLASIK surgery. 
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(3) TFVA curve measured with the SimVis Gekko simulating the hybrid 1.75D 3.0-mm 
DE (in the dominant eye of the subject) and NDE (in the non-dominant eye of the 
subject) patterns, but correcting for the µ-monovision, i.e. with an over-
refraction in both DE and NDE (so that the hybrid pattern is shifted to have best 
vision at far). In this case, the subject’s natural refraction was corrected as well as 
the µ-monovision of the hybrid profile (mean µ-monovision compensation: DE -
0.24±0.23D / NDE -2.06±0.34D, see table 6.1) to compare the data to the TFVA 
measurements published data (Luger et. al. 2020) where TFVA curves were 
measured one-year postoperatively in subjects with PresbyMAX surgery and 
compensating for µ-monovision. Table 8.1 also summarizes the over-refraction 
applied for each subject in their dominant and non-dominant eyes. 
 

 

Table 8.1: Subject’s information, refractions in diopters for right eye (RE) and left 
eye (LE), ages and refraction compensating the µ-monovision induced by 

PresbyMAX pattern (Hybrid 1.75D add and 3.0-mm simulation) in Dominant eye 
(Over-Rx DE(D)) and Non-Dominant eye (over-Rx NDE(D)) in diopters. 

 

 

 

8.3 Results  
8.3.1 Computational validation 

Through focus performance of PresbyMAX design 

Figure 8.5 shows the estimated through focus visual Strehl ratio curves calculated from the 

phase maps of the hybrid profiles, for the 5 different additions (from 1.50 to 2.50 in 0.25D 
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steps), 3 pupil diameters of 3.0, 4.0 and 5.0-mm and calculated for the DE and NDE patterns.  

All TFVS curves were calculated in a range of 5D (from -1 to 4D).  

 

 

Fig. 8.5: Estimated TFVS curves for hybrid pattern for 5 additions (from 1.50D to 
2.50D in 0.25D steps), three pupil diameters (3.0, 4.0, 5.0-mm) and calculated for 

DE (blue) and NDE (pink). 

 

SimVis programmed Lens 

a. Temporal Coefficients TCs 

From the PresbyMAX Estimated TFVS ratio, we calculated the best combinations of 

Temporal Coefficients to accurately simulate the multifocal pattern. Figure 8.6 shows, as an 

example with Design Hybrid 1.75D Add, for NDE and DE, how the pattern spreaded through 

additions as we increased the pupil diameter. 
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Fig 8.6: Temporal Coefficients (TC) in milliseconds, spread through additions with 
increasing pupil diameters. Hybrid PresbyLASIK design for 1.75D Add and both 

NDE and DE eye patterns. 

 

b. SimVis through focus performance 

Figures 8.7 and 8.8 show the comparison between the TFVS ratio for the PresbyLASIK 

designs (Estimated TFVS) and the SimVis lens (SimVis TFVS) simulated with the set of 

temporal coefficients for the PresbyLASIK designs (Hybrid NDE and Hybrid DE) for the five 

additions and three pupil diameters. In all conditions, the SimVis programmed lenses mimic 

the performance of the PresbyLASIK designs and the cross correlation were above >0.99 in 

all conditions. 
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Fig 8.7: Hybrid Design, NDE pattern - Computational validation: PresbyMAX 
designs and SimVis through focus performance. Through focus visual Strehl ratio 

for the PresbyLASIK designs (Estimated TFVS in gray) and for the SimVis lens 
(SimVis TFVS in dashed pink) for the three different pupil diameters (3.0-mm left 

column, 4.0-mm middle column and 5.0-mm right column) and five different 
additions (from 1.5 D to 2.5 D in a 0.25 D step).  
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Fig 8.8: Hybrid Design, DE pattern - Computational validation: PresbyMAX designs 
and SimVis through focus performance. Through focus visual Strehl ratio for the 

PresbyLASIK designs (Estimated TFVS in gray) and for the SimVis lens (SimVis TFVS 
in blue) for the three different pupil diameters (3.0-mm left column, 4.0-mm 

middle column and 5.0- mm right column) and five different additions (from 1.5 D 
to 2.5 D in a 0.25 D step).  

 

8.3.2 On Bench validation of the SimVis PresbyMAX ablation patterns  

To test the SimVis simulated multifocal lenses, we used the custom high speed focimeter 

provided with the high-speed camera (3823fps). Optotunable lens of model EL-3-10 

(reference ARAA2311) was mounted in the tunable lens support and the SimVis Lens 

simulation tested using specific custom developed algorithms that estimates the TFVS of the 

Experimental SimVis lenses. All the SimVis lens simulations were tested in the high speed 

focimeter (Hybrid NDE and Hybrid DE x five additions x three pupil diameters) on the same 

day. Calibration of the focimeter was done for a room temperature of 25ºC. Commonly, the 

working tunable lens increase its internal temperature by typically around 2-3ºC along the 

measurements. It is known that an increase in temperature could induce a shift of the 
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multifocal design and we registered shifts below 0.1D during the course of the 

measurements. 

Figures 8.9 and 8.10 show the TFVS ratio for the SimVis lens (computationally validated in fig 

8.7 and 8.8) and the experimental SimVis Lens (measured in the high-speed focimeter, in 

green) for the different PresbyLASIK designs for the five additions, both DE and NDE eye 

patterns and the 3 pupil diameters. In all conditions, the Experimental SimVis Through focus 

optical quality replicated the optical quality of the corneal ablation patterns with a curve 

shape similarity metric (cross-correlation) >0.99. Therefore, all the PresbyMAX hybrid 

designs for additions from 1.5D to 2.5D and the three different pupil diameters are 

validated and ready to be used in the SimVis Gekko for clinical trials on subjects. 
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Fig 8.9: Hybrid Design, NDE pattern - On-bench validation: SimVis lens 
(computationally validated, pink) and Experimental SimVis lens through focus 

performance (green). Through focus visual Strehl ratio for the PresbyMAX design 
HYBRID NDE and for the three different pupil diameters (3.0-mm left column, 4.0-
mm middle column and 5.0- mm right column) and five different additions (1.50D 
to 2.5D), evaluated in the high speed focimeter with an optotunable lens EL-3-10 

(ARAA2311) 
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Fig 8.10: Hybrid Design, DE pattern - On-bench validation: SimVis lens 

(computationally validated, blue) and Experimental SimVis lens through focus 

performance (green). Through focus visual Strehl ratio for the PresbyMAX design 

HYBRID NDE and for the three different pupil diameters (3.0-mm left column, 4.0-

mm middle column and 5.0-mm right column) and five different additions (1.50D 

to 2.5D), evaluated in the high speed focimeter with an optotunable lens EL-3-10 

(ARAA2311) 

 

8.3.3 Clinical results on subjects wearing the SimVis Gekko binocular visual simulator 

while simulating SimVis PresbyMAX ablation patterns  

For the clinical validation, we used the SimVis Simulation of the PresbyMAX Hybrid pattern 

1.75D Add and a 3.0-mm pupil diameter. Twenty presbyopes subjects participated in the 

study and binocular TFVA curves (-4.0 to +1.5 D), with and without compensation for µ-

monovision, were measured through SimVis simulated PresbyMAX patterns and compared 

to (1) binocular TF-VA curve through SimVis Gekko simulated monofocal-FAR in both eyes 

and (2) published binocular 1-year postoperative TF-VA curves of subjects that underwent 

PresbyMAX surgery (Luger et al. 2020). Figure 8.11 shows the TFVA curves for the bilateral 
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monofocal (0D), the binocular TFVA curves for the PresbyMAX pattern (DE and NDE for 

1.75D and 3.0-mm simulations) and the binocular TFVA curves with PresbyMAX pattern with 

compensation of µ-monovision, compared to the TFVA for Luger et al. 2020 measured in 

subjects 1-year after PresbyLASIK surgery. The mean binocular LogMAR VA at far was -

0.10±0.02 (bilateral monofocal), -0.05±0.06 (hybrid with µmonovision), -0.07±0.04 

(µmonovision compensated) and -0.10±0.03 (Luger et al. 2020).  As shown in the figure, the 

Hybrid simulation (with the µmonovision component) extends the depth of focus by around 

1.75D compared to bilateral monofocal maintaining a binocular VA above 0.2LogMAR.   

On average, the binocular TF-VA curve through SimVis Gekko compensating for micro-

monovision slightly over-estimates those reported in literature from subjects that 

underwent PresbyLASIK, with an RMS error between curves of 0.15µm and a shape 

similarity metric of 0.9877 in the range of -3.5D to 0.5D, but it can be explained by the 

different pupil sizes of the subjects wearing the SimVis Gekko and patients with presbyLasik 

surgery, as detailed in the discussion. 

 

 

 Fig 8.11: Clinical Validation of PresbyMAX Hybrid 1.75D Add and 3.0-mm pupil 

diameter: Through Focus Visual Acuity defocus curves (from +1 to -4 D in steps of 

0.50D). Orange and purple lines are the TFVA curves measured in subjects 

wearing the SimVis Gekko with the PresbyMAX simulation (hybrid 1.75D add and 

3.0-mm pupil diameter) with the µ-monovision component (orange) and 

compensating for the µ-monovision (purple); grey line is the TFVA curve measured 

wearing the SimVis Gekko simulating a monofocal FAR (0D) in both eyes and 

yellow line is the TFVA curve measured 1-year postoperatively on subjects after 

PresbyMAX surgery (Luger at al. 2020) 

 



142 
 

8.4 Discussion  
In this study have been calculated PresbyMAX hybrid ablation patterns with 5 additions 

(from 1.50 D to 2.50 D in steps of 0.25 D) to demonstrate that SimVis technology is able to 

reproduce different additions in 0.25 D steps of a same pattern of PresbyMAX. Currently, 

before surgery in clinics, the protocol is measuring the refraction at far, intermediate and 

near distance, depending on the results, the distance correction and the addition is 

calculated for the ablation profile. The possibility of being able to simulate different ablation 

patterns (µ-monovision, monocular and hybrid) and different additions before surgery, 

helps to select the best pattern and addition for each subject, helping to obtain the 

optimum visual comfort and minimizing errors in the selection of refractive parameters. 

The TFVS curves measured experimentally in a high speed focimeter shown a very accurate 

reproducibility of TFVS SimVis curves (curve shape similarity metric (cross-correlation) 

>0.99) of hybrid ablation patterns measured at three different pupil diameters (3.0, 4.0 and 

5.0-mm) and with five different additions (from 1.50D to 2.50D in steps of 0.25 D).   

Clinical study was designed trying to match and validate SimVis simulations with Luger et al. 

2020 results, to have the most similar conditions in our measurements were simulated 

ablations patterns with 1.75 D addition at 3.0-mm pupil diameter. The results with hybrid 

pattern with µ-monovision compensated matches on average those reported in literature 

from subjects that underwent PresbyLASIK allowing to validate the PresbyLASIK simulations 

with SimVis Gekko.  

In Luger et al. 2020 study the pupil diameter was in photopic conditions with certain 

variability between subjects lower than 3.0-mm, while in this study was fixed at 3.0-mm, the 

pupil diameter variability from literature results could influence in the TF-VA performance 

as shown in figure 8.12 where we show the performance of the hybrid pattern for DE and 

DNE changes while increasing the pupil diameter of the ablation pattern. Therefore, it is of 

interest to be able to simulate each PresbyMAX pattern for different pupil diameters. 

 

 

Fig. 8.12: Estimated TFVS curves for hybrid pattern 1.75D addition, 5 pupil 

diameters from 2.0 to 6.0-mm in 1.0-mm steps, for DE (left, blues) and NDE (right, 

pinks) 
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8.5 Conclusion  
In this chapter a new application of SimVis Gekko binocular visual simulator was presented. 

The TFVS of the hybrid corneal ablation power profile was extracted for 3 different pupil 

diameters (3.0, 4.0 and 5.0-mm) and  5 additions (from 1.50 to 2.50 in steps of 0.25D); the 

time coefficients were calculated to mimic the TFVS ablation profile performance, the 5 

different additions and 3 pupil diameters were measured  in the high-speed focimeter with 

an optotunable lens (DE and NDE), and finally clinical validation was performed for the 

hybrid profile of 1.75D of addition at 3.0-mm pupil diameter in 20 presbyopic subjects 

binocularly in comparison with the study of Luger et al. 2020. According with the outcomes 

of the study, we concluded that: 

• We demonstrated that SimVis Gekko is able to accurately simulate corneal ablation 

patterns, using the local corneal refractive correction information of the ablation 

profile. To date, there is no clinical device able to simulate those PresbyLASIK 

refractive corrections. The excellent match between the estimated optical quality of 

the ablation pattern in terms of through focus visual Strehl TFVS, and the 

experimental SimVis TFVS suggests that SimVis Gekko is a reliable simulator to 

capture vision through simulated corneal ablation patterns before surgery.  

• Subjects can try (as far as we know, for the first time in a visual simulator), their 

particular visual experience prior refractive surgery as we found that binocular TF-VA 

curves measured in subjects that underwent PresbyLASIK match TF-VA curves in 

subjects through SimVis Gekko PresbyMAX simulations measured in similar 

experimental conditions. The results of hybrid pattern keeping the µ-monovision 

offers more realistic values of depth of focus after PresbyMAX treatment. 
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9 Conclusions 
 

In this thesis computational simulations results and data obtained with an adaptive optics 

visual simulator and with SimVis Gekko simultaneous visual simulator have been used to 

develop new applications of SimVis Gekko visual simulator: (1) evaluating two new IOLs in 

the market and validating the accuracy of simulations; and (2) validating the SimVis Gekko 

for PresbyLASIK simulations before surgery. 

 

The main accomplishments of this thesis are: 

 

• First implementation of two extended depth of focus, Isopure IOL by Physiol-BVI and 

Vivity IQ IOL by Alcon, in a visual simulator with the SimVis technology. 

• First demonstration of the accuracy of the simulation of Isopure IOL. Phase maps and 

temporal coefficients were calculated and measured in an adaptive optics visual 

simulator on bench and with 10 young subjects.  

• First characterization of the optical properties of Isopure IOL. The larger DOF 

calculated in eye models and measured on subjects with the IOL when compared to 

the results obtained with a standard monofocal IOL was key to understand the 

optical properties of this lens.   

• First study on the change in DOF and maximum VS ratio with different powers and 

spherical aberration corneas with Isopure IOL. 

• First experimental study on the influence of ocular aberrations on Isopure IOL 

performance. Optical quality, depth of focus and Visual acuity were measured and 

calculated on bench and with subjects in an adaptive optics system with Isopure IOL 

physically in the cuvette and simulated in SimVis inducing and/or correcting ocular 

aberrations with a deformable mirror.  First characterization of the difference 

performance with white light and monochromatic light (555 nm). 

• New EDOF IOL, Acrysof IQ Vivity by Alcon. Optical performance computationally for 

post-LASIK subjects. Comparisons of optical quality, depth of focus and halos has 

been made with a monofocal IOL and EDOF IOL. New model eyes were developed 

and halo metrics to evaluate them. 

• Experimental validation of EDOF IOLs and experimental validation of the simulation 

with SimVis and SLM in an adaptive optics visual simulator. Phase maps and 

temporal coefficients were calculated and measured on bench in an adaptive optics 

system at different pupil size (3.0, 4.0 and 5.0-mm) and compared with the physical 

IOL (Acrysof IQ Vivity) in a cuvette. Also, the chromatic effect was evaluated wit 

polychromatic and monochromatic light. 
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• Optical validation of a new SimVis Gekko application, PresbyLASIK. From PresbyLASIK 

power maps profiles, temporal coefficients were calculated and measured in a high-

speed focimeter for a range of additions from 1.25 D to 2.50 D. Measurements in a 

binocular wearable SimVis Gekko visual simulator, binocularly has been made to 

compare with real data on literature and validate PresbyLASIK simulation (1.75 D 

addition) with SimVis technology. 

 

The conclusions of this thesis are: 

 

1. It is possible to simulate extended depth of focus intraocular lenses such as Isopure 

IOL from Physiol-BVI or Acrysof IQ Vivity from Alcon with a tunable lens using SimVis 

technology when the design of the IOL is known. In this thesis, we developed a 

procedure to calculate the phase map of the IOL and described the protocol to 

implement it in a calibrated tunable lens.  

 

2. Isopure IOL from Physiol-BVI was studied computationally using corneas of different 

power and spherical aberration and IOL tilts and decentrations. While power had 

little influence in Isopure IOL performance, a reduction of DOF was found for some 

values of spherical aberration. For 4.5 mm pupil diameter, MTF was higher than 0.5 

and DOF was always above 2 D and both the optical quality and DOF were more 

affected by decentration than by tilt. 

 

3. The average DOF and VA found for Isopure IOL when evaluated in a visual simulator 

in a group of subjects was, on average, 1.60 D and -0.09 LogMAR for 4.5-mm pupil 

diameters. All conditions tested with Isopure IOL, on bench and in subjects, across 

simulators and pupil diameters, show on average, higher values of DOF than no IOL 

condition that increased on average 0.28 D. 

 

4. When correcting ocular aberrations and inducing positive or negative spherical 

aberration the increase in the DOF with respect to the no-IOL condition was 

maintained. The performance of IOL simulation with SimVis technology is similar to 

those found with physical lens in the cuvette channel in terms of peak VA and DOF. 

Small differences may arise from the lack of compensation of cornea-IOL aberrations 

when the IOL is simulated with temporal multiplexing. 

 

5. When compared with a monofocal IOL, the Acrysof IQ Vivity IOL expands the DOF 

(from 1.2 to 2.6 D for monofocal and Vivity IOLs, respectively) at the expense of 

some degradation at far (VS 0.95 and 0.5 for monofocal and EDOF IOL, respectively). 

The performance of the Acrysof IQ Vivity is rather immune to the presence of the 

high order aberrations expected in LASIK subjects and exhibits a quite constant DOF 

(less than 0.5 D change) for a large range of corneal SA. 
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6. The Acrysof IQ Vivity IOL can be simulated in the SLM and with SimVis technology 

and a good correspondence was found with the TF results found using the cuvette 

channel (RMS difference less than 10%). SimVis technology can be used to simulate 

the Acrysof IQ Vivity IOL intraocular lens with temporal multiplexing. 

 

7.  SimVis Gekko is able to accurately simulate corneal ablation patterns, using the local 

corneal refractive correction information of the ablation profile. The excellent match 

between the estimated optical quality of the ablation pattern in terms of through 

focus visual Strehl TFVS, and the experimental SimVis TFVS suggests that SimVis 

Gekko is a reliable simulator to capture vision through simulated corneal ablation 

patterns before surgery. 

 

 
These conclusions relate with the motivation of the thesis stated in section 1.6 as follows: 

 

1. SimVis technology can be used to accurately simulate EDOF IOLs such as Isopure IOL 
from Physiol-BVI or Acrysof IQ Vivity by Alcon. 
 

2. Both EDOF IOLs studied computational and experimentally, has shown the 
robustness of their designs, holding a good balance of depth of focus and optical 
quality with optical aberrations inductions, both IOLs show good optical 
performance to be implanted in some cases of post-LASIK surgery subjects, a 
challenge in clinics. 
 

3. A new application was validated, PresbyLASIK, for SimVis Gekko binocular visual 
simulator. Increasing the competitivity of the visual simulator in the market. 
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