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Abstract

Within the visual system, the optics of the eye is responsible for forming images of external

objects on the ocular fundus for its photo-reception and neural interpretation. However,

the eye is not perfect and its capabilities may be limited by aberrations and scattering.

Therefore, the quantification of optical factors affecting the eye is important for diagnosis and

monitoring purposes. In this context, this document summarizes the work done during the

implementation of the Multimodal Eye’s Optical Quality (MEOQ) system, a measurement

device that integrates a double-pass (DP) instrument and a Hartmann-Shack (HS) sensor

to provide not only information on aberrations, but also on scattering that occurs in the

human eye. A binocular open-view design permits evaluation in natural viewing conditions.

Furthermore, the system is able to compensate for both spherical and astigmatic refractive

errors by using devices of configurable optical power. The MEOQ system has been used to

quantify scattering in the human eye based on differences between DP and HS estimations.

Moreover, DP information has been employed to measure intraocular scattering using a novel

method of quantification. Finally, the configurable properties of the spherical refractive error

corrector have been used to explore a method for reducing speckle in systems that rely on

reflections of light in the ocular fundus.

Keywords: optical quality, double-pass technique, Hartmann-Shack sensors, multimodal sys-

tem, binocularity, refractive error compensation, scattering, speckle.
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Resumen

Dentro del sistema visual, la óptica del ojo es responsable de la formación de imágenes de

objetos externos en el fondo de ojo para su fotorrecepción e interpretación neuronal. Sin

embargo, el ojo no es perfecto y sus capacidades pueden verse limitadas por la presencia

de aberraciones o de luz dispersa. De esta manera, la cuantificación de los factores ópticos

que afectan al ojo resulta importante para fines de diagnóstico y de monitoreo. En este

contexto, el presente documento resume el trabajo realizado durante la implementación del

sistema Multimodal Eye’s Optical Quality (MEOQ), un dispositivo de medición que integra

un instrumento de doble paso (DP) y un sensor de Hartmann-Shack (HS) para proporcionar

no sólo información sobre aberraciones, sino también en la dispersión que se produce en el ojo

humano. Un diseño binocular de campo abierto permite evaluaciones en condiciones visuales

naturales. Además, el sistema es capaz de compensar tanto errores refractivos esféricos como

astigmáticos mediante el uso de dispositivos de potencia óptica configurable. El sistema

MEOQ se ha utilizado para cuantificar la dispersión en el ojo humano basándose en las

diferencias entre estimaciones de DP y HS. Además, la información de DP se ha empleado

para medir la dispersión intraocular utilizando un nuevo método de cuantificación. Por último,

las propiedades configurables del corrector de refracción esférica se han utilizado para explorar

un método para la reducción de ruido speckle en sistemas basados en reflexiones de luz en el

fondo ocular.

Palabras clave: calidad óptica, técnica de doble paso, sensores Hartmann-Shack, sistema

multimodal, binocularidad, compensación de errores refractivos, dispersión, ruido speckle.
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Kurzfassung

Innerhalb des visuellen Systems ist die Optik des Auges verantwortlich für die Abbildung ex-

terner Objekte auf dem Fundus des Auges, damit Licht umgewandelt und neural interpretiert

wird. Dennoch ist das Auge nicht perfekt und seine Möglichkeiten sind durch Abbildungsfehler

und Streuung begrenzt. Daraus ergibt sich, dass die Quantifizierung der optischen Faktoren,

welche das Auge betreffen, wichtig für die Diagnose und Überwachung sind. Innerhalb dieses

Rahmens fasst dieses Dokument die Arbeit zusammen, welche die Implementierung eines Sys-

tem zur multimodalen Bestimmung der optischen Qualität des Auges (MEOQ), bestehend

aus einem Doppelpass-Instument (DP) und einem Hartmann-Shack-Sensor (HS), beschreibt,

um nicht nur Informationen über Abbildungsfehler, sondern auch über Streuung im mensch-

lichen Auge zu erhalten. Ein biokulares Freisicht-Design ermöglicht natürliche Sehverhältn-

isse. Darüberhinaus ist das System in der Lage sphärische und astigmatische Brechungsfehler

mit einem Gerät einstellbarer optischer Leistung zu korrigieren. Das MEOQ System wurde

genutzt um Streuung im menschlichen Auge mit Hilfe der Unterschiede der Abschätzungen des

DP und des HS zu quantifizieren. Darüberhinaus wurden die DP Informationen angewandt

um intraokulare Streuung durch eine neue Methode der Quantifizierung zu messen. Schließlich

wurden die konfigurierbaren Einstellungen des sphärischen Brechungsfehlerskorrektor genutzt

um eine Methode zur Reduzierung von Speckle in Systemen, welche auf Reflektionen von

Licht vom Fundus des Auges basieren, zu untersuchen.

Schlüsselworte: Optische Qualität, Doppelpass Technik, Hartmann-Shack Sensoren, Mul-

timodales Systemm, Brechungsfehler-Kompensation, Streuung, Speckle.
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Resum

Dins del sistema visual, l’òptica de l’ull és la responsable de la formació d’imatges d’objectes

externs en el fons d’ull per a la posterior fotorecepció i interpretació neuronal. No obstant, l’ull

no és perfecte i les seves capacitats es poden veure limitades per la presència d’aberracions o de

dispersió de la llum. D’aquesta manera, la quantificació dels factors òptics que afecten a l’ull

és important per a finalitats de diagnòstic i monitoratge. En aquest context, aquest document

resumeix el treball realitzat durant la implementació del sistema Multimodal Eye’s Optical

Quality (MEOQ). Aquest, és un dispositiu de mesura que integra un instrument de doble

pas i un sensor de Hartmann-Shack per proporcionar no només informació sobre aberracions,

sinó també sobre la dispersió que es produeix en l’ull humà. Un disseny binocular de camp

obert permet avaluar l’ull en condicions visuals normals. A més, el sistema és capaç de

compensar tant errors refractius esfèrics com astigmàtics utilitzant dispositius de potència

òptica configurable. El sistema MEOQ s’hautilitzat per quantificar la dispersió en l’ull humà

basant-se en les diferències observades entre les dues tècniques. Cal afegir que la informació

de doble pas ha permès mesurar la dispersió intraocular amb un nou mètode de quantificació.

Finalment, les propietats configurables del corrector de refracció esfèric s’han utilitzat per

explorar un mètode per a la reducció de speckle en sistemes basats en reflexions de llum al

fons ocular.

Paraules clau: qualitat òptica, tècnica de doble pas, sensors de Hartmann-Shack, sistema

multimodal, binocularitat, compensació d’errors refractius, dispersió, speckle.
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Chapter 1. Introduction

also to quantify the contributions of the different optical phenomena occurring in the eye.

Double-pass [20] and Hartmann-Shack [22] systems have arisen as excellent options to determ-

ine objectively the optical quality of the eye and are even used in clinical practice [23, 28].

The former technique provides overall estimations on the optical quality while the latter one

describes well the aberrations of the eye. However, the information they provide is limited

by the own techniques under conventional data processing: the individual contribution of the

different optical conditions affecting the retinal image cannot be determined from double-pass

data, and the intraocular scattering is not reflected in Hartmann-Shack information [29]. In

this respect, we consider that systems based on multiple techniques (multimodal systems), are

an alternative to take advantage of the strengths of double-pass and Hartmann-Shack sensors

and to perform a detailed optical characterization with information on all the phenomena

occurring in the eye.

Some figures around the optical quality

Looking at the fact that there are more than 1400 million people only with myopia around

the world [30], it is not disproportionate the USD 26000 million at which Transparent Market

Research [31] valued the Ophthalmologist device market in 2012, which presents a situation

highly fragmented with the presence of both well established and emerging companies in this

field. This figure includes diagnostic systems, surgery devices and vision care products and

is estimated to reach USD 40000 million by 2019. The growth of this market is not only at-

tributed to the increasing prevalence of visual disorders but also to the constant improvement

in products. This indicates that Ophthalmology is an open market where new systems have

place if they are capable of provide detailed information on the optical quality of the eye.

Visual impairments3 affect the quality of life of people by limiting to a greater or lesser

extend different aspects of daily life [5], such as work, education, mobility, and recreation. For

instance, a person with uncorrected refraction errors may not be able to distinguish letters

in a book due to blurred vision. According to the World Health Organization [33], 43% of

the cases correspond to people with uncorrected refractive errors and 33% to unoperated

3The International Classification of Diseases [32] considers that a person is visual impaired if he/she presents

a visual acuity lower than 3/10 and a visual field lower than 10� in radius around central fixation. For

characterizing visual impairments, visual acuity is measured with prescribed correction. However, the World

Health Organization [33] recognizes as visual impaired also to those people that fulfil these criteria and have

no access to correction, such as spectacles and surgeries to correct myopia, hyperopia or astigmatism and

eliminate cataracts, for instance.
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cataracts. It means that around two thirds of visual impairments can be avoided or cured if

they are previously detected and quantified.

In this context, the knowledge of the optical quality of the eye takes relevance because it

provides to clinicians a strong tool for the diagnosis and monitoring of visual impairments

and treatments. Thus, it results important to have available systems able to provide over-

all estimations of the optical quality and to quantify separately all those optical conditions

affecting vision, i.e. aberrations and intraocular scattering.

1.1 Objectives of the project

There is a series of points that may summarize the information presented above. First of

all, the importance of the visual system in our life should be mentioned ; the possibility

of having more information from our surrounding through the formation of images on the

ocular fundus and its posterior interpretation results crucial for some of our daily activities.

Second, the performance of the optical part of the visual system may be degraded by different

factors affecting the eye. Third, the quantification of all those phenomena contributes to the

understanding on the processes occurring in the eye; moreover, this information may give to

clinicians strong tools during diagnosis stages and monitoring of visual treatments. Thus, the

introduction of new systems to determine the contribution of factors affecting the eye or the

improvement of the current ones may result important for people suffering ocular diseases in

the sense that they could be benefited in the future to a greater or lesser extend from these

ameliorations.

Within the scope of the Erasmus Mundus Joint Doctorate EuroPhotonics, this document

summarizes the work forming the project Multimodal Eye’s Optical Quality (MEOQ), which

has as main objective the development of a new system permitting a complete evaluation in

real time of the optical quality of the eye by the integration of multiple techniques. This project

was proposed by the Centre of Sensors, Instrument and System Development – CD6 (Uni-

versitat Politècnica de Catalunya – UPC, Spain) and the Institute for Information Processing

Technologies – ITIV (Karlsruher Institut für Technologie – KIT, Germany), two laborator-

ies with great experience and expertise in research and development projects in biomedical

sensors, optical design, and optical instrumentation applied to the ophthalmology field.
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The objective marked for this project was reached after accomplishing the following tasks:

• Development of a new instrument for evaluating the optical quality of the

eye

Objective: Design and development of a new system that integrates multiple tech-

niques (multimodal system) able to perform a complete characterization of the optical

phenomena occurring in the eye. The system included the following features:

– Integration on a double-pass instrument and a Hartmann-Shack wavefront sensor.

– Binocular measurements in normal viewing conditions through an open field

configuration.

– Correction of low order aberrations (spherical and astigmatic refractive error

compensation).

– Use of single elements when possible.

Milestones: 1) Improvement of current experimental setups by adapting recent ad-

vances in the field. 2) Design and integration of a system based on both the double-

pass and the Hartmann-Shack technique. 3) Validation of the new system with

measurements on artificial eyes and a small group of subjects.

Methodology: From the previous background on double-pass systems and Hartmann-

Shack wavefront aberrometers, we developed a new system combining both tech-

niques (multimodal system). It was expected to define new parameters from inform-

ation of both techniques to improve the description of the optical factors affecting

the eye. In particular, this configuration allowed the quantification of scattering.

The system is binocular and allows patients to fixate an external stimulus in open

field. Moreover, several technological improvements were carried out, such as the in-

clusion of a subsystem for correcting astigmatism based on a set of cylindrical lenses

of configurable orientation and the inclusion of a spherical refractive error corrector

based on lenses of tunable optical power. In this manner, the optical quality can be

determined without the influence of defocus and astigmatism and the dynamic range

may be used to determine the effects of higher order aberrations and scattering. The

experimental setup was validated by means of artificial eyes and a small group of

subjects.

Deliverables: 1) Experimental setup for the complete characterization of the eye’s

optical quality. 2) Control software and user interfaces of the experimental setup.
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• Applications for the developed system

Objective: Conducting a series of studies with the developed prototype to find pos-

sible applications and to determine its advantages over other state of the art devices

and methods of quantification of the different optical factors present in the eye.

Milestones: 1) Conducting experimental studies in young healthy subjects. 2) Quan-

tification and identification of the sources of scattering in the eye. 3) Comparison

with current methods for scattering quantification.

Methodology: Parameters with information on the optical quality of the eye were

determined for a group of young subjects. The differences in response between

double-pass and Hartmann-Shack technique are attributed mainly to the presence of

scattering during measurements at the working wavelength. Since data corresponded

to young healthy eyes, the amount of scattering was considered as arising in the ocular

fundus. The inter-subject differences were determined and a method to characterize

them was proposed. Moreover, the impact of intraocular scattering on the parameters

with information on the optical quality was determined based on measurements on

an artificial eye with the idea of identifying in the curves the origin of the scattering.

Taking advantage of the configurable optical power in the spherical refractive error

corrector, a new method was explored for speckle reduction in systems based on

reflections of light on the ocular fundus.

Deliverables: Experimental studies on healthy young subjects. 2) Quantification

of the contribution of scattering in the measurements. 3) Proposal of methods for

scattering quantification. 4) Exploration of a new method for speckle reduction.

The MEOQ system could be summarized in the conceptual chart presented in figure 1.1. In

this, the implemented instrument is divided in three main parts: optical processing, data pro-

cessing, and data analysis. The first part involves the binocular instrument itself and is formed

by a double-pass (DP) and a Hartmann-Shack (HS) configuration able to perform simultan-

eous measurements of both eyes. The second part corresponds to conventional double-pass

and Hartmann-Shack data processing. Therefore, the system provides independent estim-

ations of parameters with information on the optical quality, such the PSF, MTF, Strehl

ratio for both of the techniques. In addition, it is possible to offer estimations on wavefront

aberrations and refraction based on data measured with the aberrometer. This information

is complemented through a combined data analysis in a third stage within the system. At

the end of this analysis, it is possible to provide estimations on scattering based on differ-
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ences between techniques. The instrument implementation and calibration and its application

for quantifying scattering and reducing speckle is presented in the following chapters of this

document.

Figure 1.1: Conceptual representation of the MEOQ system.

1.2 Organization of this document

This dissertation is structured as follows. First of all, chapter 2 presents a review of current

techniques available for the objective determination of the optical properties of the eye. This

section covers not only double-pass instruments and Hartmann-Shack sensors, but also other

techniques that have arisen for such purposes. The chapter includes also a description of

different methods that have been used in visual optics for quantifying scattering. This re-

view is done because one of the main applications of the MEOQ system is related with the

quantification of this phenomenon. A small description of different manners that have been

explored in this field of research for speckle reduction is presented at the end of that chapter.

Chapter 3 introduces the MEOQ system. The design of the instrument is presented along the

chapter. Thus, the configuration that was implemented to obtain a binocular system working

in open field configuration is explained. The details on both the astigmatic and spherical

error correctors are also included. In addition, the software routines and interfaces developed

for the MEOQ system are shown. The chapter covers also the validation of the instrument,

which was based on having comparable double-pass and Hartmann-Shack estimations.

The scattering quantification based on the combined analysis of data from the multiple tech-

niques is presented in chapter 4. The differences between the double-pass and Hartmann

Shack MTF curves are used for this purpose. The deviations between responses are fitted to

a model with parameters in function of the properties of the scattered light. The measurement
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conditions allow relating the differences to scattering arising in the ocular fundus. The details

on the models and the discussion on its applicability are discussed along the chapter.

Chapter 5 introduces a novel index for the quantification of scattering based on double-pass

measurements. The proposed index uses the information that is lost through the extrapolation

of the zero frequency during the peak correction procedure usually performed over double-pass

data. Unlike other methods for the quantification of scattering using double-pass data, the

index presented here gives an estimation of intraocular scattering in the eye regardless the

presence of aberrations. The details for the computation of the index and the results based

on measurements on an artificial eye are presented in that chapter.

Chapter 6 explores a new method for speckle reduction in systems based on the light reflections

in the ocular fundus, such as double-pass instruments and Hartmann-Shack wavefront sensors.

The method takes advantage on the reconfigurability of the spherical refractive error corrector

used in the MEOQ system to focus on the fundus a light beam with small fluctuations in

optical power. The changes are produced during the recording of double-pass image to produce

uncorrelated speckle pattern and reach in this manner a speckle reduction. The details of the

method are explained in detail along the chapter.

Finally, chapter 7 presents the general conclusions of this work. The main results obtained

along this document are summarized in that chapter. The advantages and possible drawbacks

of the system are enumerated. In addition, the main points on the scattering quantification

and speckle reduction are presented. The chapter ends with a series of proposals on future

work. They cover from improvements to proposal of studies that could be performed using

the MEOQ system.
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