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RESUMEN

Motivacién v objetivo

Las cataratas son una patologia caracterizada por la opacificacion del cristalino, cuyo
origen se encuentra en los cambios fisicos y quimicos de las proteinas que lo componen.
Esos cambios producen el incremento de las aberraciones Opticas y la dispersion (o
scattering) intraocular, volviendo borrosas, y reduciendo el contraste, de las imagenes en
la retina.

El tratamiento actual para esta patologia es la cirugia, donde el cristalino afectado es
extraido y reemplazado por una lente intraocular. Aunque este procedimiento se practica
de manera rutinaria, especialmente en los paises desarrollados, las cataratas siguen siendo
una de las principales causas de ceguera en el mundo. Por tanto, surge la necesidad de
una solucion no invasiva para aumentar la cobertura de los tratamientos. En la revision
del estado del arte s6lo se encontr6 un antecedente (publicado en 1973) con este objetivo,
donde la formacion de imagenes a través de un cristalino cataratoso extraido fue
restaurada usando métodos holograficos. Sin embargo, los requerimientos de este tipo de
montaje no permitieron su implementacion in vivo. Ademas, el desempefio de los sensores
de frente de onda incorporados a los sistemas actuales de Optica adaptativa, esta limitado

por la cantidad de aberraciones y scattering presentes en los ojos cataratosos.

En esta tesis se propone la aplicacion de una técnica de manipulacion del frente de
onda (WS, del inglés wavefront shaping) para compensar los efectos de la catarata,
suponiendo el objetivo de evaluar su desempeno. Esta técnica ha sido previamente
aplicada para la formacion de las imagenes a través de medios turbios.

Métodos

Con el fin de evitar la influencia de los fendémenos dindmicos del ojo, presentes en una

implementacion in vivo, la evaluacion de la técnica de WS se realizo en un banco dptico.

En primer lugar, se desarrollé6 un método para generar los efectos de las cataratas de
forma realista, modelando el scattering intraocular mediante mapas de fase ubicados en
la pupila de entrada. Los mapas de fase se calcularon usando la transformada cosenoidal
inversa de una superficie que modula valores aleatorios. Tal superficie fue inicialmente
descrita a través de una ley potencial de la frecuencia espacial para reproducir los efectos
del scattering intraocular, cuyo dominio en la funcion de punto esparcido (PSF, del inglés
point spread function) corresponde a angulos mayores de 1 grado, aproximadamente. Una
caracteristica de este modelo es la generacion de varias cantidades de scattering
intraocular manipulando simplemente la amplitud de los mapas de fase calculados.
Seguidamente, la complejidad de la superficie se increment6 para mejorar la reproduccion
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de los efectos de las aberraciones, las cuales redistribuyen la PSF en los dangulos menores
a 1 grado.

Los mapas de fase calculados con el modelo fueron reproducidos en un modulador
espacial de luz de cristal liquido sobre silicio (LCoS, del inglés Liquid Crystal on Silicon),
con el fin de comprobar experimentalmente las cantidades de scattering intraocular
generadas. El método de integracion optica fue usado para medir las cantidades de
scattering. Este montaje experimental fue modificado para desarrollar un simulador
visual, permitiendo evaluar el impacto de varias cantidades de scattering inducidas en la
agudeza visual y la sensibilidad al contraste (a 3 ciclos por grado), tanto en la fé6vea como
a dos excentricidades (5 y 10 grados del campo visual nasal).

Para las pruebas en el banco optico se us6 un doble paso del haz por un LCoS. El
acondicionamiento del LCoS para esta aplicacion conllevo la calibracion de la
modulacion de fase, la optimizacion de la respuesta temporal, la compensacion de las
aberraciones preexistentes en el montaje y la eliminacion de la luz no modulada. El 4rea
del LCoS fue dividida en dos mitades, conjugadas entre si, para presentar
simultaneamente los mapas de fases cataratosos y de prueba, simulando un solo paso por
el medio ocular. Segln la técnica de WS, los mapas de fase de prueba estan compuestos
por segmentos regulares cuyas fases son ajustadas para producir una interferencia
constructiva en una posicion espacial de la PSF. De esta forma, los efectos de tres niveles
de cataratas (asociados a valores de scattering Logio[s] desde 1.75 a 2.25) fueron
corregidos usando siete tamafios de segmentos desde 16 a 80 pixeles del LCoS. La calidad
de la correccion fue inicialmente evaluada mediante la mejora de la PSF. Seguidamente,
se calcularon la razon visual de Strehl y los coeficientes de correlacion (métricas
relacionadas a la funcion visual) sobre las imagenes con y sin la correccion de los efectos
inducidos. Adicionalmente, un canal visual fue adaptado al banco de pruebas para la
valoracion subjetiva de la calidad de la correccion a través de la agudeza visual. El andlisis
sobre la capacidad de la técnica WS para minimizar el scattering se completo utilizando
simulaciones numéricas. Por ultimo, el desempeiio de la técnica de WS se evaluo
simulando un doble paso simétrico y asimétrico por el medio ocular, modificando

ligeramente el banco Optico desarrollando.
Resultados
Generacion artificial de cantidades programadas del scattering intraocular

El modelado de mapas de fase se uso para generar controladamente las cantidades de
scattering intraocular. Estas cantidades fueron experimentalmente medidas usando el
método de integracion Optica. La relacion entre las cantidades de scattering programadas
y experimentalmente medidas es lineal con una pendiente de 0.96, demostrando la
exactitud del método desarrollado.
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Reproduccion de fenomenos oculares a partir de un modelo de mapas de fase

Los siguientes fendmenos Opticos oculares fueron reproducidos usando el modelo
modificado de los mapas de fases para incluir las aberraciones de alto orden: el efecto del
envejecimiento sobre la cantidad de aberraciones de alto orden y la razon de Strehl, la
dependencia del scattering introcular con la longitud de onda y la corona ciliar. La
fidelidad del modelo fue comprobada al comparar los resultados numéricos con las
estadisticas de estudios clinicos y experimentales sobre los mismos fenémenos.

Evaluacion de los efectos del scattering intraocular en la funcion visual foveal

Las medidas de agudeza visual y sensibilidad al contraste usando el simulador visual
permitieron establecer las relaciones entre ambas métricas con las cantidades de
scattering intraocular. Asi, se observo que la agudeza visual (en unidades LogMAR) se
incrementa linealmente con la cantidad de scattering artificialmente generado. Ademas,
los valores logaritmicos de la sensibilidad al contraste decrecen linealmente con la
cantidad de scattering.

Explicacion de los beneficios de la cirugia de cataratas en pacientes con patologias

retinianas preexistentes

Usando el simulador visual de los efectos del scattering intraocular, se realizaron medidas
de agudeza visual y sensibilidad al contraste en la region periférica de la retina. Las
dependencias entre ambas métricas con la cantidad de scattering generado en esas
regiones son similares a las encontradas en la fovea. Los resultados permitieron explicar
la modesta mejora de la agudeza visual tras la cirugia de cataratas en pacientes con
degeneracion macular relacionada con la edad, los cuales fueron previamente reportados.

Correccion de los efectos simulados de las cataratas

Las PSFs optimizadas por la técnica de WS, independientes de la cantidad de scattering
intraocular generado, corresponden a un pico de energia sobre un fondo de luz no
corregida. La altura del pico depende del tamafio de los segmentos del mapa de fase
corrector. Sin embargo, se observd un umbral en la mejora de la PSF para el menor nivel
de catarata reproducido, y tamafios de segmento menores de 69 um. Los mejoramientos
de las PSFs se reflejaron en incrementos de las funciones de transferencia de modulacion
y, en consecuencia, la razéon visual de Strehl. Los coeficientes de correlacion se
incrementaron para todos los niveles de catarata y tamafios de segmentos. Igualmente, la
agudeza visual se mejoro por efecto de la correccion, siendo limitada por las aberraciones
naturales de los o0jos que la valoraron para tamafio de segmentos menores de 137 um en
todos los niveles de catarata simulados.

Los resultados de las simulaciones numéricas de las PSFs corregidas demostraron que
el rango angular en el cual la correccion redistribuye la energia esta dado por el tamafio
de segmento. El maximo rango angular fue 0.56 grados (radio), asociado a un tamafio de

segmento igual a 55 pm. Este rango angular no es suficiente para corregir el scattering
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intraocular, cuyo dominio son angulos mayores a 1 grado. Por lo tanto, el scattering no
corregido disminuye el contraste de las imagenes vistas a través del sistema corrector
basado en la técnica de WS. Para solventar esta limitacion, se propone la simplificacion
digital de las imagenes proyectadas a través del corrector, excluyendo las fuentes de
deslumbramiento presentes.

Definicion de los rangos de tolerancia de los desplazamientos entre los mapas de fase

cataratosos y correctores

Los coeficientes de correlacion fueron evaluados, usando un optotipo con un tamafio de
5.4 arcmin, mientras se desplazaban lateralmente los mapas de fase correctores respecto
los cataratosos. Segun el analisis, el optotipo es reconocible en los siguientes rangos de
desplazamientos: 158, 110 y 82 um para valores Logio[s] correspondientes a 1.75, 2.00
and 2.25. Es decir, a medida que se incrementa la cantidad de scattering intraocular, se
reduce la tolerancia a los descentramientos. Estos rangos son menores al promedio de la
amplitud (horizontal) de los movimientos oculares durante la fijacion, cuyo valor es 190
pm. Por lo tanto, una futura implementacion in-vivo de esta técnica posiblemente

requerira un sistema de seguimiento de pupila.
Correccion de los efectos simulados de las cataratas en doble paso

La correccion en una configuracion de doble paso, usando luz coherente, fue altamente
influenciada por la difusion retiniana simulada. Asi, aunque la PSF del doble paso fue
optimizada, esta correccion no beneficiara la calidad visual.

Conclusiones

e Se desarroll6 una nueva metodologia para disefiar mapas de fase aleatorios de modo
que reproduzcan la distribucidon angular de la PSF, especialmente en el dominio de
la dispersion intraocular. Las cantidades de scattering, generadas por el método,
fueron verificadas experimentalmente usando un LCoS.

e La capacidad de la metodologia fue extendida para reproducir la PSF ocular en todo
el rango angular, incluyendo el dominio de las aberraciones de alto orden.

e Se implementd un simulador visual usando un LCoS para proyectar los mapas de
fase calculados. En este instrumento se reveld que tanto la agudeza visual (en
unidades LogMAR) como los valores logaritmicos de la sensibilidad al contraste
tienen una dependencia lineal con la cantidad de scattering intraocular inducido.

e Paraevaluar la técnica de WS se desarroll6 un instrumento que emplea un doble paso
por un LCoS para, simultdineamente, generar y corregir los efectos de varios niveles
de cataratas. Inicialmente, el instrumento se us6 para compensar los efectos
inducidos de turbulencia y turbidez por separado.

e Los efectos de tres cantidades inducidas de scattering, asociadas a tres niveles de
cataratas, fueron parcialmente corregidos usando siete tamafios de segmentos de los
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mapas de fase correctores. Esta correccion se realizé simulando un solo paso por el
medio ocular.

En general, el principal efecto de la compensacion es el aumento de la nitidez e
intensidad en las imagenes. El mejoramiento de la intensidad depende del nimero de
segmentos. Sin embargo, se observé un umbral en la mejora de la PSF con los efectos
de una catarata débil (es decir, Logio[s]=1.75) usando tamafios de segmento menores
a 69 um.

Para la implementacion in vivo de la técnica de WS podria ser necesario un sistema
de seguimiento de pupila. Esto se debe a que los rangos de desplazamientos entre los
mapas de fase cataratosos y correctores para los cuales un optotipo permanece
reconocible, son menores a la amplitud de los movimientos oculares durante la
fijacion.

La técnica de WS no tiene impacto en la minimizacion de la cantidad de scattering
intraocular porque su rango angular de accion depende del tamafio de los segmentos
del mapa de fase corrector. El maximo rango angular considerado en los
experimentos desarrollados fue 0.56 grados. Una estrategia propuesta para evitar la
reduccion de contraste por el scattering no corregida, consiste en simplificar las
imagenes proyectadas a través del corrector.

El instrumento fue modificado para evaluar el desempefio de la técnica WS
simulando un doble paso a través del medio ocular cataratoso. La correccion
realizada usando luz coherente estuvo altamente influenciada por la difusiéon en la
retina, lo que imposibilité un beneficio efectivo en la calidad de la vision.
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SUMMARY

Cataract is one of the main causes of visual impairment in the world. It increases both
intraocular scattering and aberrations because microscopic and macroscopic changes of
the refractive index in the lens. Consequently, the effect of cataracts is the simultaneous
blurring and reduction of the contrast in the retinal images. The intensity of the effect is
associated to the amount of straylight, which is a quantification of the impinging light
into the eye deviated to large retinal angles (i.e., larger than one degree).

The current treatment of cataract is surgery, where the lens is extracted and replaced
with an intraocular lens. However, the requirements for its safe practice have not allowed
to cover its global demand, especially in developing countries. Therefore, a non-invasive
optical technique is appealing, and its development is an open challenge. There is a unique
precedent reported in 1973, where the phase of an extracted lens was retrieved using
holography for its posterior phase conjugation. Moreover, the performance of current
adaptive optics systems is limited by the large amount of scattering that is present in the
cataractous eyes.

On the other hand, wavefront-shaping (WS) technique was developed for imaging
through opaque samples. In this work, the WS technique is proposed to partially correct
the effects of cataracts non-invasively in-vivo, being the objective to evaluate its
performance for this application. The technique was tested in an optical bench to avoid
the influence of the dynamics of ocular phenomena which is inherent in an in-vivo
implementation.

As first step, a model was developed to reproduce the ocular point spread function
(PSF) with different amounts of straylight through the weighted summation of both low
and high spatial frequency phase perturbations at the entrance pupil of the eye. The model
was initially tested by numerically calculating the following ocular phenomena and their
comparison with previously reported experimental and clinical studies: aging effects on
high order aberrations and Strehl ratio, the wavelength dependence of straylight and the
ciliary corona.

The calculated phase maps by the model were displayed on a liquid crystal on silicon
(LCoS) device as spatial light modulator to experimentally generate the amounts of
straylight, measured by the optical integration method. Moreover, the model was
incorporated in a visual simulator to evaluate the effects of straylight on the visual acuity,
the contrast sensitivity and the glare sensitivity, in fovea and two eccentricities of the
visual nasal field. In this way, the relationships between the amount of straylight and these
measurements of the visual function were established. Furthermore, the modest benefits
of the cataract surgery with preexisting retinal diseases can be explained from these

measurements.
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An instrument was developed for the experimental evaluation of the WS technique’s
performance in the correction of simulated cataracts. It simultaneously generates and
corrects the effects of cataracts using a double-pass through a single LCoS device. The
following process were done for the incorporation of the LCoS device: phase calibration,
optimization of the phase modulation, suppression of the unmodulated light, and
compensation of its inherent aberrations. Thus, the effects of three levels of cataract, with
associated logarithmic amounts of straylight ranged from 1.75 to 2.25, were corrected
using seven different spatial resolutions of the correcting phase maps. The quality of the
correction was initially evaluated, considering one pass through the affected ocular
media, by means of the following objective and subjective metrics: the enhancement of
the PSF, the visual Strehl ratio, the correlation coefficients and the visual acuity.
According to these measurements, the main effect of the WS technique is deblurring.
Further calculations showed that the angular range of influence of the WS technique was
narrow and, therefore, it did not correct the straylight. A strategy was proposed to

overcome this limitation.

Finally, the developed instrument was slightly modified to evaluate the performance
of the WS technique considering symmetrical and asymmetrical double-passes through
the cataractous ocular media. Although the WS technique optimized the double-pass
PSFs, it did not mean a benefit in the quality of vision. Therefore, some suggestions are
given to obtain a visual benefit from the implementation of WS in double-pass.
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1. INTRODUCTION

The human interaction with the physical world is highly dependent on the information
received through the eyes, and therefore, loss of sight (or even poor vision) dramatically
affects the quality of life. Because cataract is one of the main causes of visual impairments
in the world!, the research about an alternative way for its correction is of outmost
importance. In this thesis, an adaptive optics technique is proposed and implemented to
correct the effect of cataracts.

In this Chapter, the fundamental concepts will be discussed. In the first Section, the
eye is described and modelled as an imaging system where two optical phenomena take
place: aberrations and straylight. In the second Section, their impact on the visual function
is described. The origin, effects, classification and current treatment of cataracts are
documented in Section 1.3. Furthermore, in Section 1.4, the limitations of current
adaptive optics systems and the proposed ‘see-through’ technique are described. Finally,
the motivation, objective and outline of this thesis are presented in Section 1.5.

1.1 The eye as an imaging system

For a better understanding of the human eye, its anatomy is sketched in Figure 1-1 and

briefly described below.
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Figure 1-1. Anatomy of the human eye.

This sophisticated organ is mainly composed of two lens elements: the cornea and the
crystalline lens. The cornea is a transparent meniscus shaped lens, with an outer surface
curvature of about 8 mm and a central thickness of 0.5 mm, in average. Its effective
refractive power is approximately 40 diopters (D), being about two-thirds of the ocular
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refractive power. The remaining power (20 D) is provided by the lens, a biconvex
structure with a gradient refractive index profile because of its composition of fiber cells
arranged in onion-like layers (so called zoned of discontinuities)**. In young eyes, the
curvature of the lens is voluntarily changed to focus objects at different distances in a
process called accommodation. This element is transparent in healthy eyes, becoming
opaque by the cataract development (see Section 1.3). Between the cornea and lens, the
pigmented iris separates the eye chambers filled by the aqueous humor and forms a
circular opening acting as the pupil to regulate the amount of light to be detected in the

retina.

After the lens, the light passes through the vitreous body, which is filled by a liquid
with similar optical properties to the aqueous humor. Once the light reaches the retina, it
travels through roughly 0.5 mm of different layers of tissue before its absorption by the
photoreceptors’. There are two types of photoreceptors: the cones, found in the center of
retina, responsible for both photopic and color vision; and rods, mainly found in the
periphery, responsible for low light vision. At the central fovea, an important region for
vision with high spatial resolution, cones are present in a high density and the diameter
of their outer segments is reduced (see diagram in Figure 1-1). Finally, the electrical
signal from the photoreceptors is transmitted to the cerebral cortex through the optic
nerve, after passing through the bipolar and ganglion cells. The brain processing of the
retinal image can be summarized in the neural contrast sensitivity function, which
basically enhances spatial frequencies from 2 to 6 cycles per degree®’.

The described components of the eye do not produce an optically perfect organ.
Indeed, the anatomist and physicist Hermann von Helmholtz (1692) commented?®:

... if an optician wanted to sell me an instrument which had all these defects, I should
think myself quite justified in blaming his carelessness in the strongest terms, and giving

him back his instrument

However, in a less famous quote®, the scientist recognized the importance of their
‘imperfect’ eyes for his quality of life.

These imperfections, at different spatial scales, reduce the quality of the retinal
images. Their impact on extended images can be analyzed using the point spread function
(PSF), which is the image of a point source at the infinity. In the following sub-Sections,
two related optical phenomena are described, as well as, the numerical approach to
reproduce their effects.

1.1.1 Aberrations

Aberrations are deviations of the ocular wavefront from a sphere. The sphere is adopted
as reference because it corresponds to the surface with the identical phase of the optical
field propagated from a point source through a homogeneous media. Ocular aberrations
are mainly caused by the irregularities in the shape of the refractive components and the
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macroscopic non-uniformities of their refractive index, although the eye has developed

mechanisms to minimize them” ',

The primary (or Seidel) aberrations, the most significant in visual optics, are:
curvature of field (also known as defocus), astigmatism, coma and spherical aberration.
The amount of aberrations is quantified through the root mean squared (RMS) of the
wavefront. On average, for a pupil size of 5 mm, the RMS corresponding to a healthy eye
is approximately 0.25 um. However, that value decreases with the pupil size, where
diffraction becomes significant'2. The main effect of the aberrations, understood as phase-
maps with low-spatial frequencies, is the blurring of the retinal images because of the
PSF’s redistribution in a narrow angular range.

Ocular aberrations are currently and objectively measured using Hartmann-Shack
sensors or laser ray tracing instruments!>!*. The principle of operation of those
technologies will be described in Section 4.1. The retrieved aberrations are generally
expressed as a linear combination of the Zernike polynomials'®, an orthonormal basis
initially used to described the aberrations produced by atmospheric turbulence'®. These
polynomials are convenient in the study of visual optics for two main reasons: first, their
definition on a circular region as the eye’s pupil; and secondly, a reduced number is
required to represent the aberrations with the highest impact on vision!”!'®. However,
Zernike polynomials are not the only way to describe aberrations; nowadays other basis
have been proposed to represent the ocular wavefronts'>?°. The convenience of the cosine
functions to reproduce both aberrations and scattering effects will be shown in Section
2.1.

Additionally, the wavelength dependence of the refractive index of the ocular
components is the source of the chromatic aberrations. In consequence, both defocus and
lateral position of retinal images change with wavelength?!. Throughout this thesis, the
term aberrations will be referred only to the monochromatic ones.

1.1.2  Straylight

The term ‘straylight’ refers to the intraocular scattered light. It is mainly caused by the
interaction of light with significantly smaller features of the cornea and the lens, such as
cell nuclei and protein aggregates, because of the local variations of refractive index.
While the amount of scattered light supplied by the cornea is approximately constant with
age??, the contribution of the lens increases with age or the cataract development®. The
iris and sclera are not completely opaque, and the light transmitted through them reaches
chaotically the retina®*. Lastly, the fundus does not absorb all light that reaches the retina;
part of the light is reflected and scattered towards other retinal locations®°. The amount of
straylight from the iris, sclera and fundus depends on the pigmentation, being higher in
light eyes than in dark ones. Figure 1-2 shows the interaction mechanisms of the light that
originate the straylight in the eye.
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Figure 1-2. Interaction of the light with the sources of intraocular scattering.

The light that interacted with the cornea and lens can be classified as: ballistic
(governed by refraction), scattered and backscattered. While scattered light interacts with
microstructures with a size comparable or bigger to the protein aggregates, backscattered
light is produced by small sized proteins (with typical radius of 10nm) and the zones of
discontinuities of the lens with high reflectivity?®. Currently, the amount of backscattered
light is objectively and subjectively assessed to indirectly evaluate the impact of the
straylight on the quality of vision’’. However, forward scattering determines the
functional effect of straylight in vision, reducing the contrast of the retinal images.

The effects of the forward scattering on the radially averaged ocular wide-angle PSF
were initially modelled as a power law (power -2) of the retinal angle within its domain
(i.e., for angles larger than one degree)®®. The first and simplest version of the PSF
formulation as function of the age (4) was the Stiles-Holladay equation?’:

PSF(0) = [1 + (%)1% (1-1)

where 6 is the retinal angle in degrees. It has a validity domain between 3 and 30 degrees.

Further studies were conducted to include the effects of the pigmentation and to
extend the validity domain, increasing the complexity of the ocular PSF formulations®®!.
They were based on psychophysical data, in-vitro measurements and analytical
descriptions. The equation of the PSF for the standard observer, documented by the

Commission Internationale de I'éclairage (CIE)*, usable in the whole angular range is

given by:
AVt 9.2x10° 1.5x10°
- 2 ) 200 -8p2|.
+ [1 16 (%) ]{[H(WO_DZ +3x107°67] (12
1300 0.8 s
[[1+(9/o_1)2]1.5 [1_,_(9/0.1)2]0.5]} +2.5%x107°p

where p is a pigmentation coefficient that equals to 0, 0.5 and 1 for black, brown and light
eyes respectively. The units of the PSFcir are inverse of steradians (st'!), i.e. it is
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normalized to the solid angle covered by the light propagation. Some examples of the
PSFcie for two different ages are shown in Figure 1-3a.
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Figure 1-3. Aging effects on: (a) the PSF of the CIE standard observer and (b) the amount of
straylight at six degrees.

The amount of straylight is quantified by the straylight parameter (s) defined as
02PSF (). The logarithm of the s parameter is commonly used. The aging effects on the
straylight parameter at six degrees (for light eyes) is depicted in Figure 1-3b, according
to the Equation 1-2.

Regarding the size of the scatterers, there are two analytical approaches to study the
scattering: Mie and Rayleigh regimes. The Mie regime is applicable to scatterers with
size comparable to the wavelength or bigger, and shows no wavelength dependence™. It
was previously applied to reproduce the effects of the intraocular scattering***°. On the
other hand, the Rayleigh regime is useful to describe the scattering of particles smaller
than a tenth of the wavelength, approximately*®. In this case, the deviation angle is highly
dependent on wavelength following a power law function (power -4). This approach was
used to explain the wavelength dependence of the intraocular straylight in well-pigmented
eyes®’. In this thesis, an alternative approach is adopted to reproduce the effects of the
intraocular scattering, which is based on Fourier optics.

1.1.3 Description using Fourier optics

In a simplified description of imaging, objects are projected and focused on the retina by
a single-lens located in the pupil. This lens has a refractive power (1/f, where fis the focal
length) of 60 D, adding the optical power contributions of both cornea and lens for far
vision. The phase map of the lens is composed of the spherical wavefront, representing a
perfect shaped lens, and a thin phase screen W to incorporate the effects of both
aberrations and intraocular scattering. Moreover, the lens has a circular aperture with

diameter ¢.

According to the Fourier optics theory, for monochromatic (wavelength 1) and
spatially incoherent illumination, the response of a linear optical system to an arbitrary
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input O (i.e., an extended object) is the sum of the PSFs from every bright point at the
input plane®®. The system is assumed shift invariant for simplification. This means that
the PSF generated by the modelled lens is independent of the input’s position. Thus,
following the notation shown in Figure 1-4, the image / is the convolution of the object
and the PSF:

I(x',y) = ffjooo 0(x,y)PSF(x' — x,y' — y)dxdy (1-3)

Since we are interested in far vision (i.e., the object is located at the ‘infinity’), the
PSF at the focal plane becomes independent of the input coordinates and it is giving by
the following formula:

roa 1 proo . 2 ' ’ z
PSF(x',y") = |Eff_ooP(f,n)exp [—l%(x x+y y)] dxdy| (1-4)
where P(&,n) = circ(&,n)expliW (&,1n)] is the complex pupil function with aperture

function circ(), valued 1 for \/x? + y? < 0.5¢ and zero otherwise.

Numerically, the PSF is calculated by applying the Fast Fourier Transform (FFT) to
the complex matrix of the pupil function®*. A zero padding is applied to double the size
of the pupil matrix, improving the sampling on the PSF*’. The angular size of a pixel in
the PSF matrix is equal to 0.51/¢ (in radians).

To compare the numerical PSFs with the PSFciz (Equation 1-2), the numerical PSFs

must be normalized over the solid angle Q:
aYoPSFAQ=1 (1-5)

where «is a normalization factor and A(Q is the subtended solid angle in each square pixel
of the PSF matrix, which is equivalent to 0.2512 /2.

Finally, the normalization factor is:

-1

@ = [0.252—222 PSF| (1-6)

Figure 1-4. Schematic diagram of the image-formation process.
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1.2 Evaluation of the visual function

Several psychophysical tests have been developed to evaluate the eye and the visual
system. The simplest and widely used test is measuring the visual acuity (VA), that
provides an estimation of the spatial resolution, i.e., the minimum size of the stimulus
that the visual system can resolve*'. In a healthy observer, the minimum angle of
resolution (MAR) is usually expected around 1 minute of arc (arcmin). VA is mainly
affected by the aberrations and intraocular scattering. Apart from the size, the contrast of
the stimulus is another important aspect in the vision, which quantifies its relative
difference in luminance from the background*. It can be calculated on periodic and non-
periodic stimuli using the Michelson or Weber formalisms, respectively. The amount of
contrast that a person needs to see a stimulus with a given spatial frequency is defined as
the contrast threshold, and its inverse is known as the contrast sensitivity (CS). While
aberrations decrease the CS values at higher spatial frequencies, straylight reduces the CS
values for all spatial frequencies®® by superimposing a veil of light originating from the
brighter parts of the image. The methodologies used to assess VA and CS throughout this
thesis will be described in each case.

1.3 Cataracts

Cataract is a common pathology related to the elevated amount of straylight that causes a
significant impairment of vision. It is mainly due to oxidative damage to lens proteins,
especially to the a-crystallin molecules®’. Proteins are well folded in their native state,
however, they become misfolded because of oxidation, forming protein aggregates with
different optical properties of the original molecule**. For example, the aggregates have
the appropriate size to directly scatter light*. Although the lens has mechanisms to repair
or remove the damaged proteins, they degrade with age, leading to a progressive increase
of lens’s turbidity. Such increase can be accelerated by metabolic disorders, genetic
predisposition, certain diseases (e.g., diabetes), exposure to ultraviolet light, among others
risk factors®.
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Figure 1-5. Effects of cataracts on a scene with two incorporated glare sources.

Cataract development also involves an increase of aberrations*’~>2. Therefore, its
effects are both the blurring of the retinal image and the reduction in its contrast, as
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depicted in Figure 1-5. The impact on the quality of vision can be assessed by the

reduction of visual acuity>® and contrast sensitivity>*>°, being strongest in the latter>’>°.

1.3.1 Classification

Cataracts are graded through the amount of backward scattering. By this modality, the
classification is entirely subjective (e.g., using the Lens Opacity Classification System
LOCS-III?") or numerically assisted (e.g., using the Wisconsin System®’) when the pupil
is illuminated with a slit lamp. Other advanced instruments, such as lens opacity meters®!
and the Scheimpflug photography®?, can objectively assess the physical properties of the
opacities. Throughout this thesis, the cataracts states are referred to their equivalent
LCOS-III grade, because it is widely used in clinical studies. According to this system,
cataracts are initially classified depending on the location of the opacities as: nuclear,
cortical, and posterior. Successively, for each localization, the opacification’s severity is
ranked from 0 to 5 (for cortical and posterior subcapsular cataracts) and from 0 to 6 (for
nuclear cataracts).

On the other hand, the amount of forward straylight (or s) can be psychophysically
and objectively measured. Psychophysically, the compensation comparison method?® or
the differential contrast test®>® allows the direct estimation of the s parameter.
Objectively, s is valued applying the optical integration method®® % or analyzing the
aerial retinal images®®. Several studies have been conducted to assess the correlations
between the amount of straylight (objective or subjective) with the above-referred grading

systems’® 3.

1.3.2 Current treatment

The current treatment for this pathology is the cataract surgery, which has been practiced

at least since the ancient Egypt’*

. The early technique consists of couching the affected
lens into the vitreous cavity. Since then, two significant milestones have been achieved.
First, the invention of the cataract extraction surgery in 1747. Second, the correction of
the aphakia with intraocular lenses (IOLs), implanted for the first time in 1950. In the last
decades, tremendous improvements of the technique have allowed to reduce the pain, the
rate of complications and the recovery periods. Despite those progress, cataract remains
the leading cause of visual impairment in the world, except for developed countries’.
Therefore, cataracts are generally untreated or rudimentary techniques (e.g., couching)
are still being practiced”’® in the countries where the majority of the affected population

live”’.

Cataract surgery, as an invasive procedure, poses possible side effects, such as:
corneal edema, increase of intraocular pressure, infection, uveitis, retinal detachment,
among others’®. Moreover, the intraocular straylight could increase after the surgery
because the posterior capsular opacification, where a hazy layer of migrated cells is
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formed between the capsule and the IOL”. Those complications would be avoided by
using a purely optical approach for correction.

1.4 Adaptive optics for cataracts compensation

Adaptive optics (AO) systems have been used to improve the quality of vision®® and to
study the neural system’s response when the ocular aberrations are manipulated®!*2,
Those systems are composed by two coupled stages: measurement the ocular aberrations,
using a wavefront sensor; and their correction, carried out by a spatial light modulator
(SLM). However, current AO systems cannot be widely applied to cataractous eyes
because the limitations in the performance of the wavefront sensors. The wavefront
shaping (WS) technique has been applied to retrieve the imaging through turbid media
and, therefore, is proposed to overcome those limitations.

1.4.1 Limits of the current wavefront sensors

Hartmann-Shack (HS) sensors has been used to measure the ocular aberrations®® and
successfully incorporated into AO systems®*. The HS sensors primarily consists of a
camera placed at the focal plane of a lenslet array. The local slopes of the incoming
wavefront are calculated as the ratio between the position shifting of the focal points and
the focal length of the lenslet. In order to estimate the aberrations, a narrow laser beam is
projected into the eye and the backscattered light from the retina, passing through the
eye’s optics again, being collected by the HS sensor by conjugating its lenslet array with
the eye’s exit pupil. Hence, HS sensors allows to measure the ocular aberrations in an

extended population even with refractive disorders®>3¢,

HS sensors have been used in eyes with early and mild cataracts*’*38788  however,
their performance decreases when the opacity increases®. The typical maximum grades
of the examined eyes with cortical and nuclear cataracts were 3 and 4 in the LOCS-III
scale, respectively. It corresponds to amounts of straylight (Logio[s]) less than 2 in the

case of the nuclear cataract’®

. The origin of the limitation is the inability to locate the
focal spots because the HS patterns are affected by both blurring and contrast reduction
as consequence of the spread light in the lens opacities. In fact, this degradation of the
quality of spots has been proposed as a method to assess the local opacities at the exit

pupil of the eye®’.

On the other hand, laser ray-tracing (LRT) is another technique that uses the rapid
projection of narrow laser beams, parallels to the line of sight, into particular locations of
the pupil where the local aberrations produce the lateral displacement of each beam on
the retina®®. The displacements are estimated capturing the retro-reflected light with a
position sensitive detector. Cataractous eyes have been also evaluated using this
technique®'!*2. However, those measurements are limited as well by the reduced quality
of the laser beams when early and mild cataract (with equivalent Logio[s] values less than

2) are measured.
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1.4.2 Wavefront shaping

When a scattering lens (composed by a transparent lens and scattering layer) is
illuminated by a coherent beam, the PSF corresponds to a speckle pattern, as shown in
Figure 1-6. Speckle is the result of the constructive or destructive interference among the
field's contributions from every point in the scattering lens’s pupil to each spatial position
on the observation plane. If the pupil is discretized in regular segments, the resulting field
at one position of the PSF (i.e., the target) can be easily understood using a phasorial
representation. Figure 1-6 depicts the summation of the field’s components with random
phases.

WS technique allows to increase the energy at the target, associated to the length of
the resulting phasor, by manipulating the amplitude or the phase of the incident beam to
the scattering lens. In the case of the amplitude manipulation, the energy’s enhancement
is achieved darkening the segments that provide phasors in the opposite direction to the
total phasor®®. In the case of the phase manipulation, the phase of each segment is changed
from 0 to 2m radians, rotating the corresponding phasor until it is aligned with the
resulting phasor® (see in Figure 1-6). For the same number of segments, the magnitude
of the optimized phasor is higher when the phase is manipulated instead of the amplitude
and therefore phase modulation was used in the experiments performed in this thesis.
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Figure 1-6. Principle of WS technique using phase modulation. The result of the optimization is
the increase of the magnitude of the total optical field at the target, represented in the complex
plane (down).

Several optimization algorithms have been developed for the WS implementation®>%¢:

sequential (stepwise and continuous), partitioning and genetics. They are differentiated
by their complexity and required iterations to optimize the PSF. However, the achievable
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PSF’s enhancement, i.e. the ratio between the optimized intensity at target and the initial
average of intensity around that position, is the same for all algorithms because it
exclusively depends on the number of segments.

The WS technique was firstly demonstrated by Vellekoop et al.** and, since then, it
has been applied in several fields, such as: imaging through turbid medias®’,

100

microscopy’®, optical coherence tomography”’, endoscopy'®’, among others.

1.4.3  Spatial light modulators

The correction of scattering using WS requires SLMs with high spatial resolution. In this
thesis, a Liquid Crystal on Silicon (LCoS) device was used as SLM to reproduce and
correct the intraocular scattering. The feasibility of this kind of device to correct the ocular
aberrations has been previously demonstrated!®!. The main advantages of this device are
the relative low cost and easy operation. On the other hand, as potential drawbacks, the
optical properties of the liquid crystal depend on the wavelength and the polarization.

The LCoS device is a reflective micro-display with millions of independent pixels
with typical sizes of several microns. Each pixel or cell is basically composed of parallel
aligned molecules of nematic liquid crystal between two electrodes'®>. The user can
address 256 voltages to each pixel using the 8-bits gray levels in a video card of a
computer, changing the birefringence of the liquid crystal by the rotation of their
molecules towards the direction of the electric field, as shown in Figure 1-7. This kind of
devices requires a phase calibration before its operation, which is the linearization of the
phase modulation (between 0 and 27 radians) as function of the gray levels by the proper
configuration of the LCoS driver. This procedure is explained in Appendix A.
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Figure 1-7. Basic composition of the LCoS display, showing the effects of the electric field
(produced by the voltage V) on the rotation of the molecules of nematic liquid crystal.

Additionally, a Digital Micromirror Device (DMD) was used for image projection,
operated in amplitude-only modulation. DMDs consist of segmented mirrors on micro-

electromechanical systems (MEMS), which reflect the incoming light in two angles (12
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degrees) as binary states. The deviated light that follows the prepared path in the
experiment is ‘on’ and the missed (or blocked) light is ‘off’, providing high-contrast
stimulus. The main advantages of this kind of devices are: the low cost, their performance
is independent of the polarization state, and the remarkable high frame rate compared to
the liquid crystal modulators. Those devices have been also programmed as phase-
modulators using the Lee method'®*'® however, the diffraction efficiency of the
generated phase elements is drastically reduced.

Other class of SLMs used in AO systems are the deformable mirrors (DM), which are
composed by a reflective surface whose shape is controlled by an array of actuators. The
main advantages of the DMs are the high reflectance, achromaticity, and very high control
speed!'®. Early DMs had a small number of segments, which were enough to correct low
spatial frequencies phase perturbations (e.g., the ocular aberrations'®). However, the
invention of DMs based on MEMS!%7 allows their application for scattering compensation
in microscopy'®. The latter can locally manipulate the phase delay using thousands of
piston-type actuators covered by a segmented reflective membrane. Their current cost is
high compared to that of LCoS or DMD devices.

1.5 Motivation and outline of the thesis

The requirements for the safety practice of the cataract surgery (facilities, specialized
professionals and the IOL) have not allowed to cover the global demand. Therefore, a
non-invasive correcting technique would be beneficial and its development is an open
challenge whose unique precedent was reported forty-five years ago'®”. In that
experiment, the phase of the extracted lens was retrieved using holography for its
posterior phase conjugation. Figure 1-8 shows the effects of the achieved correction on
an USAF test as object. Nonetheless, this approach is impractical for a in vivo
implementation due to the requirements of the holographic setups.

Uncorrected Corrected

Figure 1-8. An USAF test seen through the uncorrected and corrected excised cataractous lens.
(Source: adapted from Miller et al.).

In this thesis, a solution based on the WS technique is proposed for the in-vivo
correction of cataracts. Hence, the main objective is to evaluate the benefits that WS
technique can offer in this application. Because fine spatial perturbations of the ocular

wavefront are manipulated during the correction, in-vivo evaluation would be
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simultaneously influenced by several factors such as tear film stability''?, eye

11" accommodation (depending of the age'!?), among others. Therefore, an

movements
evaluation in an optical bench is more convenient to recognize the benefits offered by the

technique and their comparison when several cataracts levels are considered.

The evaluation of the WS performance for the correction of the simulated effects of
cataracts is described as follows. The first activity was the development of a phase
perturbation model to realistically replicate the effects of programmable amounts of
straylight (Chapter 2). The generated phase maps were incorporated in a visual simulator
to assess the impact of artificially induced straylight on the visual function (Chapter 3).
Moreover, an experimental setup was made for the simultaneous artificial generation of
intraocular straylight and the WS implementation (Chapter 4). The performance of the
WS technique was initially evaluated for the correction of the effect of different cataract
states considering a single-pass of the light through the ocular media (Chapter 5). Under
that assumption, those results were considered as the highest expected performance.
Finally, the performance was evaluated in the double-pass setup (Chapter 6), producing

several suggestions towards a feasible in-vivo implementation.
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2. GENERATION OF THE OCULAR POINT
SPREAD FUNCTION USING RANDOM
PHASE PERTURBATIONS

A first step to achieve the general aim of this thesis is to implement a methodology for
generating different amounts of intraocular straylight in a control way. Several
approaches have been proposed to reproduce the ocular PSF incorporating the effects of
the intraocular scattering. The first model'!? replicated an empirical ocular PSF with a
Gaussian diffuser inserted in a schematic eye with aspheric surfaces. Afterwards, the
scattering sources were simplified to micro spheres analyzing the forward light
distribution from donor lenses!'*!!>. However, the assumption that ocular scatterers are
represented by a distribution of single sized particles is not completely realistic because
its generated PSF differs from the CIE glare function®®. On the other hand, a variable
diffuser based on a polymer dispersive liquid crystal was used as part of a physical eye
model with controllable scattering!'®, however, there was no a quantitative assessment of
the generated amounts of straylight. In addition, Black Pro-Mist filters (BPM; The Tiffen
Company, NY), originally designed for decreasing the contrast and sharpness in
professional photography, are commonly considered as a reference in the estimation and
production of typical amounts of intraocular straylight to certain angles®®!'7-11°, The
current approaches are not sufficiently accurate to reproduce the straylight influence on
the PSF at its whole angular domain.

In this Chapter, intraocular straylight is reproduced by a random phase screen located
at the pupil plane. The wavefronts of the screen correspond to pseudo self-replicant
surfaces, which are calculated from the weighted combination of phase perturbations with
different spatial frequencies ®%. Furthermore, the amount of straylight can be controlled

120 Nevertheless, a model based on this kind of random

through the wavefront amplitude
surfaces requires a complete definition of its parameters. Thus, in the first Section, the
parametrization of the model is explained, and its optimization is conducted to reproduce
the intraocular scattering component of the ocular PSF suggested by the CIE. In the
second Section, the model is extended to reproduce the whole angular range of the PSF
by including phase maps with lower spatial frequencies. The validity of the methodology
is demonstrated through the calculation of optical metrics and their comparison to

reported clinical and experimental data.
2.1 Reproduction of the intraocular scattering

A new methodology was developed for the calculation of phase maps (W) whose angular
distribution of their diffraction patterns mimics the intraocular straylight. The model is
based on the parametrization of the discrete cosine spectrum of W. Thus, W will be
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composed of cosine modes, i.e. oscillating wavefronts with defined spatial horizontal (f))
and vertical (f;) frequencies.

The calculus of the discrete cosine spectrum of W is the modulation of the standard
normally distributed random values in the matrix R by the surface contained in the matrix
U, as depicted in Figure 2-1. Then, W is obtained by applying the Inverse Discrete Cosine
Transform (IDCT) to the element-wise multiplication between U and R. Mathematically:

. oy - - i o wéfj .
W i = circ(i',j) XI55 2320 UyjRy;j cos (HTL ) cos (T’] ) (2-1)
where N is the dimension of matrices and circ( ) is the aperture function, valued 1 for
2,/(i’ = 0.5N)2 + (j' — 0.5N)2 < N and zero otherwise, acting as iris with diameter ¢.

Each set of values in R differentiates the information of individual eyes, allowing to

simulate populations with alike characteristics.

DISCRETE COSINE SPECTRUM

i,f i

IDCT

o bl NS Z e
Min IR Max Min R Max
POWER-LAW FUNCTION RANDOM VALUES PHASE MAP

Figure 2-1. Procedure for calculation of phase maps.
Each position (7,7) in the spectrum is associated to a bidimensional cosine oscillation
in the spatial domain (i’,") with single vertical f; = (i + 1/ »)/ ¢ and horizontal f; =
( j+ 1/ 2) / @ frequencies. In this way, the wavefront is the sum of all cosine modes where

the amplitude of each mode is related to the fraction of the incoming energy into the eye
directed to a specific angular position of the PSF.

The modulating matrix U is calculated using a power-law function applied on the

radial frequency f = |f? + f:

F(f) =Bff (22

where B and f are the model parameters. While £ controls the relative weighting of the
modes (i.e., the energy distribution between small and large angles in the PSF), B controls
the root mean square (RMS) amplitude of the wavefront. Therefore, B also controls the
straylight amount, due to the linear relationship between logarithmic values of the root
mean squared (RMS) and the straylight parameter'?!. For further calculations, the units
of spatial frequency are cycles per millimeter.
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For each set of parameters (B,£), the normalized PSF was numerically calculated as
the monochromatic diffraction pattern produced by the W through the Fourier transform.

The particular (B,f) couple that reproduces the angular distribution of the ocular
straylight was found by an optimization procedure that minimizes the RMS difference
between the logarithmic values of the calculated PSF and empirical PSFcie (Equation
1.2). This procedure was implemented using the fminunc() function in MATLAB
(MathWorks, Natick, MA, USA), which is based on the quasi-Newton method'?.

The model performance was demonstrated replicating the features of the experimental
setup described in Chapter 3: resolution of W matrix (N=1001 pixels), pupil size
(¢=1.33mm) and wavelength (A=540 nm). Initially B and f values are optimized for
representing the PSF of a young eye, 1.e. assuming A=30 in the Equation 1.2. Afterwards,
the amount of straylight is evaluated for several B values to estimate the relationship
between them. The random values in R are preserved in this process.

Thus, the optimized values of B (9.21 um) and £ (-1.21) produce the phase map shown
in Figure 2-2a. This f value classifies the estimated wavefront as pink noise which is a
common feature in physical and biological systems!?* and, particularly, it was employed
for the scattering description of biological tissues'?*. This kind of wavefronts
simultaneously represents the phase perturbations due to high-order Zernike aberrations
and the typical intraocular scatterers such as cell nuclei, mithocondrias, organelles and
protein aggregates. This feature allows the continuous replication of the scattering effects
on the ocular PSF along wide angular range according to the CIE reference for 30 years
old eye, as depicted in Figure 2-2b.

* Numerically optimized PSF (30 y.o0.)
—CIE (30 y.0.)

* Numerical PSF (80 deg?sr”' at 6 deg)
""" CIE (80 degzsr'1 at 6 deg)

+0.67 pm

01 2 3 456 7 8 9 10 11
0 [deg]

(a) (b)

Figure 2-2. Results of numerical optimization: a) optimized phase map and b) angular average
of numerical PSFs (dots) compared with the CIE reference (black lines).

Figure 2-3 shows the relationship between the amounts of straylight at six degrees
and the RMS amplitude of the wavefronts for several B values. The amount of straylight
can be reproduced in a simple way after a single optimization process has been performed.
Figure 2-2b includes the comparison between the PSFciz with a straylight amount of
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80 degree’sr! (at six degrees) and the calculated PSF with the B value (32.62 um) that
generates the same straylight, according to the previously found relationship.
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Figure 2-3. Relationship between straylight at six degrees and RMS amplitude.

The results support the robustness of the numerical model replicating intraocular
straylight, i.e. the ocular PSF at large angles. However, the model will be adjusted using
high resolution W matrices to include the effects of phase maps with lower spatial
frequencies.

2.2 Complete reproduction of the ocular PSFs

In this Section, large pupils are simulated to reproduce ocular PSFs using higher
resolution matrices than the previously considered ones. Therefore, the new values for N

and @are 4001 pixels and 4 mm, respectively.

Initially, the (B,f) parameters of the previously introduced F function (see Equation
2-2) were optimized to represent a young and healthy eye (i.e., A=30 in Equation 1-2).
Figure 2-4a shows the optimized modulating function with B=9.21um and f=-1.21, the
same obtained values for a smaller pupil. Optimized PSF and the PSFce are compared in
Figure 2-4b, where the lack of agreement at lower angles is evident. It means that the
power law function does not allow to reproduce both aberrations (understood as phase
perturbations of low spatial frequencies) and scattering effects. Hence, a numerical
strategy was implemented to find a proper function that mimics the ocular PSF in the
whole angular range. The new modulating function is the linear interpolation of ten values
logarithmically spaced in the frequency range. Those values are tuned in an optimization
process to reduce the RMS error between calculated and reference PSFs. The initial
values for that process were taken from the previously optimized power law function. The
fminunc() function was applied anew. The optimized profile of the function and the PSF
are shown in Figure 2-4a and 2-4b, respectively.
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Figure 2-4. (a) Profiles of the modulating functions and (b) examples of their generated PSFs.

The relationship between the generated amount of straylight at six degrees (s) and the
amplitude of the calculated W wavefronts is calculated through the multiplication of the
optimized F function by the a parameter. As shown in Figure 2-3, for the new formulation
of F,, the relationship between the logarithm of s and the o values is linear too:

Logqos = 0.424Log,oa + 0.801  (2-3)

Apart from the improvement of the agreement between the numerical PSF and the
CIE reference (see Figure 2-4b), the validity of both the methodology and the modified
function for the generation of realistic ocular wavefronts is evaluated through the
reproduction of the aging effects on the amplitude of high order (HO) aberrations and the
Strehl ratio (SR), the wavelength dependence of the straylight, and the ciliary corona.

2.2.1 Aging effects on HO RMS

Aging increases the amplitude of HO aberrations'®. Applegate et al.'? calculated the
statistical relationships among HO RMS, age and pupil size on a population of healthy
eyes using . The ocular wavefronts were measured using a Hartman-Shack sensor and
fitted to Zernike polynomials up to the 10" radial order, but only the coefficients up to 6
radial order were analyzed'’. Figure 2-5 depicts the statistics of HO RMS as function of
the age for a pupil size of 4 mm.

To replicate this aging effect with the developed model, the amount of straylight
associated to ages ranged from 20 to 90 years is calculated from the relationship plotted
in Figure 1-3b. The a values that generates those amounts of scattering are estimated
using the Equation 2-3. For each a value, thirty wavefronts were calculated using different
random R matrices in the Equation 2-1, simulating a population of thirty eyes. The
wavefronts were fitted up to the 6™ radial order using the ZernikeCalc() function, which
is based on least-squarest method 2. Thus, the RMS of HO aberrations was calculated as
the root-mean-square of the resulting Zernike coefficients from 4™ to 6' radial order. The
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statistics of the calculated HO RMS values are plotted in Figure 2-5 for comparison with
the clinical data.
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Figure 2-5. Aging effects on HO RMS. Points and bars represent mean and standard deviation
values, respectively. Gray region shows the maximum and minimum clinical HO RMS.

The model provides HO RMS values within the standard deviation of the previously
reported data. Although the numerical mean values are slightly higher than the clinical
ones for ages less than 50 years, their differences become small with the increase of the
clinical HO RMS values after 45 years. The modelling of the aging effect on the
aberrations mainly based on scattering stablishes a link between both phenomena
traditionally studied separately.

2.2.2 Aging effects on Strehl Ratio

SR is a basic metric of the image quality. It is usually computed in the frequency domain
as the ratio of areas under the radial average modulation transfer functions (MTF) of the
evaluated eye (MTFey.) and an aberration-free optical system with the same aperture
(MTF )%’

fé‘cutoff MTFeye(f)df

SR = (2-4)

f;cutoff MTFq(f)df

being the MTF calculated as the modulus of the Fourier transform of the PSF3*.

Aging reduce the SR as consequence of the increase of ocular aberrations, as it was
shown previously. Guirao et al.'”® experimentally measured the aging effects on MTF
using the double-pass technique!?. In this method, the ocular PSF is recorded as the
reflection of a projected point source in the retina after a double-pass through the ocular
media. Those results were sorted the results in three categories according to age, as shown
in Figure 2-6. Recently, Martinez-Roda et al.!*° reported a negative correlation between
age and SR as a result of a clinical study using a commercial instrument based on the
same technique. Figure 2-6 shows the statistics of the SR values for each age group.
Defocus and astigmatism for each subject were corrected in the clinical and experimental
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studies, focusing the analysis on the HO aberrations. Likewise, artificial pupils of 4 mm

were used in both kind of measurements.

For comparison, the SR was estimated using the calculated wavefronts from the
previous numerical calculation where aging effects on HO RMS were reproduced. SR
was also computed in the frequency domain. Although the cut-off frequency of the optical
system is 127 cpd, MTF values of higher frequencies than 60 cpd were annulled. This
filter mimics limit of frequency imposed in the clinical devices due to the background
noise in the acquired double-pass images'?®. Furthermore, the implemented low-pass
filter focuses the analysis on the relevant spatial frequencies for the human vision.
Numerical results are depicted in Figure 2-6.
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Figure 2-6. Aging effects on SR. Points and bars represent mean and standard deviation values,
respectively. Moreover, gray region shows the maximum and minimum clinically founded SRs
for each range of age.

Numerical mean SR values are generally within the standard deviation of both
experimental and clinical data; however, they are slightly higher than both experimental
and clinical mean values for ages less than 55 years. Surprisingly, these results are
apparently contradictory respect to the previous HO RMS comparison (see Figure 2-5)
where numerical mean values were higher than the clinical ones. A possible explanation
to this ‘contradiction’ is given in the next paragraph.

The spatial resolution of the Hartmann-Shack sensor, used for the clinical HO RMS
assessment, is mainly limited by the size of the lenses in the array. It filters the high-
spatial frequency phase perturbations and underestimates the HO RMS. On the other
hand, the double-pass PSF is affected by the phase perturbations of all spatial frequencies,
producing SR values lower than the expected ones from the reported clinical HO RMS!3!,
In conclusion, the proposed model generates representatives SR values of the human eye
for different ages. Additionally, an analysis on the SR values allows understanding the
differences between the modelled and clinical HO RMS.
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2.2.3 Wavelength dependence of straylight

The wavelength dependence of the straylight have been measured in subjects with a
variety of ocular pigmentations and ages using subjective®’ and objective!3? techniques.
This dependence is originated from the intraocular scattering and the diffuse reflectance
of the retinal layers'**>. However, according to the measurements of Ginis et al.!*?, this
dependence is mainly influenced by the scattering at large retinal angles (e.g., six degrees)
in eyes with lighter pigmentation. Figure 2-7 shows those experimental measurements on

four healthy eyes.

Alternatively, the chromatic response of the phase maps, generated by the proposed
methodology, is evaluated by propagating the optical field with several wavelengths
ranged from 450 to 650 nm. For a direct comparison with reported experimental results,
the amount of straylight was set to 24 degree’sr’! for an illumination wavelength of 540
nm by manipulating the wavefront amplitude (using Equation 2-3). Light eyes condition
was previously assumed by setting p=1 in Equation 1-2. Four wavefronts, simulating the
same number of subjects, are produced by the replacement of four different random R
matrices in the Equation 2-1. In this way, the straylight amount (at six degrees) is
evaluated for those wavefronts illuminated with several wavelengths. The numerical

results are shown in Figure 2-7.
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Figure 2-7. Wavelength dependence of straylight at six degrees. Points and bars represent mean
and standard deviation values, respectively. The standard deviations of the numerical values are
negligible.

The experimental and numerical mean values of straylight amounts are closer
between 500 and 600 nm, demonstrating that developed model accurately reproduces the
wavelength dependence of the intraocular scattering. Moreover, the comparison between
experimental and clinical results also suggests that the origin of the wavelength
dependence of the intraocular scattering (in light eyes) is the chromatic aberration of the
diffraction through the scatterers, which were modelled as phase perturbations.
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2.2.4  Ciliary corona

As previously shown, scattered light has different spatial distributions according to the
wavelength. Generally, people can perceived this phenomena, known as ciliary corona,
when glare sources are observed!**. The appearance of the ciliary corona was numerically
estimated by van den Bert et al.'* (see Figure 2-8a) as the interference of the light
propagate from multiple transparent scatterers. Although the parameters of the simulation
were not realistic, such as the pupil size (0.2 mm) or the distribution of the particles, the
study was supported in a survey on twenty subjects who approved the similarity between
the simulated and the perceived phenomena. It allows to conclude that the ciliary corona
is the result of the chromatic dispersion by diffraction.

The ciliary corona can also be replicated by the wavefronts generated with the
proposed methodology. For its demonstration, a representative phase map for an 80 years
old eye was calculated and illuminated using one hundred wavelengths ranged from 450
to 650 nm. A high number of considered wavelengths is required for increasing the
reproduction fidelity. Each monochromatic PSF, an example is shown in Figure 2-8b, is
spatially scaled by the ratio between design (540 nm) and illuminated wavelength!*. The
ciliary corona corresponds to the polychromatic PSF, calculated as the sum of all
monochromatic PSFs. In this case, the same weight was given for all monochromatic
PSFs mimicking a source with a flat-spectrum. Finally, the perception is simulated
mapping the polychromatic PSF with a gamma function, according to the Steves law'?’.
Figure 2-8c shows the resulting ciliary corona.

van den Berg et al. Monochromatic PSF Polychromatic PSF

(b)

Figure 2-8. (a) Simulated ciliary corona by van den Bert et al'*. Numerical calculated (b)
monochromatic and (c) polychromatic PSFs using the proposed model. Length of green bar is
one degree.

The chromatic aberration by diffraction is the common phenomena in both
approaches: the interference of multiple individual scatterers by van den Berg ef al. and
the optical field propagation of the modelled ocular wavefronts (referring Figure 2-8a and
¢, respectively). Therefore, in both cases the corona is composed by fine needles colored
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blue on the inside to red on the outside, as visually was evaluated by the observers'*®. In
addition to the parameters of simulation, the differences between the appearance of the
ciliary coronas could be originated in unlike settings of brightness, contrast, and others
image features.

In summary, the discussed comparisons between the numerically reproduced ocular
phenomena with the clinical and experimental data allows the validation of the proposed
methodology to generate controllable amounts of intraocular straylight. This model will
be used in further experiments to evaluate the visual impact of artificially induced
straylight and to simulate the effect of cataract in an optical bench.
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3. VISUAL EFFECTS OF ARTIFICALLY
INDUCED INTRAOCULAR SCATTERING

In the first Section of this Chapter, the performance of the model is evaluated through the
comparison between programmed and experimentally measured amounts of straylight.
The optical integration method was implemented to estimate the generated amounts of
straylight. In addition, the model can be used for a better understanding of the visual
effects of intraocular scattering. Therefore, a visual simulator is developed by modifying
the setup used for the estimation of the amounts of straylight. The visual effects are
evaluated in terms of the visual acuity (VA) and the contrast sensitivity (CS). In Section
3.2, VA was evaluated for different amounts of straylight and retinal eccentricities. In the
following Section, the glare sensitivity is tested at fovea by implementing a differential
CS method following two aims: to understand the dependence of the CS with straylight
and to subjectively assess the programmable amounts of straylight. Moreover, CS is
evaluated for several amounts of straylight and retinal eccentricities. The results of both
VA and CS in the eccentricities are discussed to explain the found benefits of the cataract
surgery with preexisting age-related macular degeneration (AMD). In this pathology, the
normal function of the photoreceptors in the fovea is lost, leading subjects to use the near
peripheral retina that usually remains functional and whose performance is lower than the
foveal one!3.

3.1 Experimental generation and evaluation of the straylight

The instrument to both generate and evaluate the intraocular straylight is depicted in
Figure 3-1. The programmable generation of the straylight was mainly carried out by a
LCoS device (PLUTO; Holoeye, Germany) as spatial phase modulator, where the
previously designed phase maps were displayed. The LCoS device was calibrated by
applying the procedure described in Appendix A.

The objects displayed on a LED monitor are imaged through the LCoS device by an
artificial eye which is composed of a biconvex lens and 14-bits camera (Luca; Andor,
Belfast, UK), acting as cornea and retina respectively. The pixel pitch of the LCoS (8 um)
limits the angular range of the PSF to 1.93 degrees, which is not enough for an
appropriated representation of wide-angle intraocular scattering. Therefore, a telescope
with an angular magnification of six was introduced in the setup. It simultaneously
conjugates the SLM plane with the pupil of the artificial eye. The size (N) of the matrix
displayed on the SLM is 1000 pixels and it produces a pupil size (@) of 1.33 mm. In this
way, phase perturbations with periods ranged from 2.67 to 1333.33 um, which correspond
to an angular domain of the PSF from 0.023 to 11.9 degrees (radius), were represented.
The performance of the LCoS was improved by including a horizontal linear polarizer
and a green filter (A=540 £ 10 nm) into the telescope.
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Figure 3-1. Experimental setup for the simultaneous generation and estimation of straylight.
3.1.1 Implementation of the optical integration method

The generated straylight was assessed using the optical integration method®®!!”. It allows
to retrieve the angular averaged PSF with high dynamic range by recording projected
disks of uniform irradiance and angular wide 26 from the monitor. Thus, the incoherent
PSF is calculated from the recorded disks using its relationship with their central
intensities /. (following the notation shown in Figure 3-1):

1.0) = [) 2nPSF(9)dg  (3-1)

It means that each point source localized on ¢ radius has an intensity contribution at
the center of the disk that equals to PSF(¢) and therefore the complete annular ring
provides a total energy of 2z¢p PSF(¢). The integration of ¢ values from 0 to € predicts
the effect of the complete disk. Thus, the PSF at @ angle is retrieved calculating the
angular derivative of the Equation 3-1:

1 dIg(8)

A simplified function is proposed by the approximated PSF estimation from the

recorded central intensities'!”:

1
PSF(0) = CPSF;; + D [m] (3-3)

where PSFy is the diffraction-limited PSF radially normalized to 1. The C, D and E
parameters are optimized to minimize the mean squared error between the experimental
and numerical central intensities data. Numerical values are calculated replacing Equation
3-3 in 3-1. Moreover, the parameters are adjusted to comply with the normalization

condition of the encircled energy by the calculated PSF on the considered rangular range,
ie., [ OT 2PSF(0)dO = 1. As explained above, due to the SLM features and the telescope
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magnification, 7 is equivalent to 11.9 degrees. The straylight is calculated as the

multiplication between PSF and 6?2 (&in degrees).

The performance of the phase maps calculated by the developed model (Section 2.1)
is experimentally evaluated. The phase maps, calculated for the addition of six straylight
amounts (sqqq) at six degrees ranging from 10 to 60 deg?sr!, were displayed in the LCoS.
The central intensity for each projected disk is the temporal average of five measured
values. Figure 3-2 shows the normalized central intensities and their fits from Equation
3-2. High correlation coefficients (+*>0.990) between experimental and numerical data

allow to continue with the estimation of straylight amounts.
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Figure 3-2. Recorded and fitted central intensities as function of the #angle subtended by the
projected disks on the monitor.

The retrieved PSFs are shown in Figure 3-3a. Moreover, they are compared with the
CIE PSF for a 70 years-old eye. Figure 3-3b depicts the programmed and measured
additions of straylight at six degrees, pointing out the measured amount straylight when
no-additional scattering is induced in the setup (i.e., a flat wavefront is displayed on the
LCoS device). This offset of 9.12 deg’sr’!, equivalent to straylight amount expected for a
50 years-old eye (according to Equation 1-2), is originated by the diffusion properties of
the nematic liquid crystal that composes the LCoS device'??, scattered light in others

optical components and parasitic light reflections.
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Figure 3-3. (a) PSFs retrieved from the fitted central intensities shown in Figure 3-2. (b)
Relationship between the (s,r0g) programmed and (s.a) experimentally assessed amount of
straylight at six degrees.

Similarity between experimental and CIE PSF profiles demonstrates the capacity of
the developed model to generate the effect of the intraocular straylight. In addition, the
slope of the linear relationship, which is approximately one, between programmed and
measured additions of straylight shows the accuracy control of the amount of scattered
light through the amplitude of the phase maps, as it was explained in Section 2.1.

3.2 Straylight effects on visual acuity

VA was measured in the fovea and two retinal eccentricities to better characterize the
impact of induced scatter on central and near peripheral vision. When both pathologies
(AMD and cataracts) are simultaneously developing, previous studies suggest!40!43 that
the improvement of the visual acuity after the cataract surgery is limited by the stage of
the retinal pathology.

For the VA assessment, the instrument of Figure 3-1 was adapted to be used as a
visual simulator by incorporating realistic effects of straylight (see Figure 3-4). High
contrast white-on-black ‘E’ optotypes were displayed on the monitor in front of the LCoS
device. The stimulus has a luminance of 0.3 cd/m? and was seen through the LCoS device
by the dominant eye of each subject. The subject was asked about five random
orientations of each optotype size. To evaluate the VA, the stimulus size was gradually
reduced until the subject fails in three or more trials of orientation choice. Then, the
angular resolution was calculated as one fifth of the last angular size for which the subject
got right more than two trials. Finally, VA was reported in LogMAR units as the
logarithm of the angular resolution in minutes of arc (arcmin). In addition, for the VA
evaluation at several eccentricities, a LED was placed in front of the monitor acting as

fixation point.
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Figure 3-4. Visual simulator to assess the straylight effects on the VA at foveal and the near
retinal periphery.
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Ten subjects aged 30+4 years old, without any known ocular pathologies, participated
as volunteers in this study. Although the small artificial pupil mitigates the effects of their
natural aberrations, the best focus correction was achieved displaying spherical
wavefronts on the LCoS device.

In the case of the foveal VA assessment, six programmed amounts of straylight were
added to the intraocular straylight of each eye. On the other hand, VA was measured at 5
and 10 degrees in the nasal visual field with two additions to the intraocular straylight. In
both cases, the maximum induced straylight amount was 82.4 deg?st’! that corresponds
to a nuclear cataract graded between 2 and 3 in the LCOSIII system’®. Figure 3-5 shows
the dependence of the averaged VA with straylight and eccentricity.
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Figure 3-5. Averaged visual acuity as function of the added straylight and the eccentricities.
Error bars are standard deviations.

According to the results, there is a linear increase of the LogMAR VA when the
amounts of induced scattering were increased at both fovea and periphery. The increase
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of the amount of intraocular straylight involves the increment of the root means squared
of the induced aberrations, as explained in Section 2.1, with the subsequent increase of
the LogMAR VA values'”'*. Additionally, the slopes of the linear regressions in Figure
3-5 allow to conclude that the impact of straylight on VA reduces when eccentricity
increases. This may explain the modest improvements often documented after cataract
surgery in patients with AMD!4,

3.3 Straylight effects on contrast sensitivity

Generally, CS can provide more information about the cataract development than VA’
It becomes more dependent to the amount of straylight if glare sources are present which
is known as glare sensitivity>*. The differential CS test, based on sequential measurement
of the CS for different glare situations, have been proposed to quantify the intraocular
straylight®>6>145 The differential CS test was performed to subjectively verify the
additions of the straylight amounts. Then, the CS was assessed as function of the
artificially induced straylight at the fovea and two eccentricities. This experiment allows
to understand the impact of the cataract surgery on patients with a retinal comorbidity on
CS, which hasn’t been documented as the VA.

Figure 3-6 shows the modified instrument to assess the CS. The stimuli were
Gaussian-windowed sinusoidal gratings of 3 cycles/degree over 2 degrees on retina with
a mean luminance of 0.3 cd/m?. This frequency was selected because CS at low spatial
frequency are most informative in clinical studies of cataracts'*®. The task for each subject
was the recognition of the orientation (left for 45° or right for 315°) of the stimuli with
different contrast, appearing for 0.3 seconds in the monitor followed by an acoustic signal.
A QUEST'""!*8 algorithm selected the stimulus contrast for each trial based on the
previous answers to estimates the contrast threshold quickly. Each session of CS
assessment consisted of 50 recognition tasks.

Eccentricity

—
[

| Stimulus
L=0.3 cd/m?

1,=187.3 cd/m?
VIS LSS S LS SS LSS LSS
Glare OFF Glare ON Monitor W

Figure 3-6. Visual simulator for two purposes: i. the subjective evaluation of the generated
straylight by the differential (glare switched on and off) CS test; and ii. the assessment of the
straylight effects on the CS at foveal and the near retinal periphery.
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For the differential CS test, a ring lamp was placed in front of the monitor as glare
source, composed by 36 white LEDs covered by a diffuser. However, the projection of
the glare on the retina was blocked by a circular aperture at the image plane because the
aim was to evaluate the changes in the stimulus contrast due to the straylight induced by
the LCoS device. For the assessment of CS at several eccentricities, a low-luminance
LED was placed in front the monitor to guide the gaze, and the glare source was removed.

3.3.1  Contrast sensitivity with glare sources

Sequential measurements of CS in three subjects (aged 30+1 years old) were performed
with and without glare to subjectively evaluate the additions of the straylight amounts.
Six programmed straylight amounts were induced. Each subject underwent four
measurement sessions, two without and two with the glare annulus illuminated, for each
straylight addition. The procedure was applied for four gradual straylight additions up to
39.1 deg?sr'.

Figure 3-7 shows the logarithmic values of CS for each subject, with (CS,,) and
without (CSop) glare, as function of the artificially induced straylight amounts. The impact
of straylight on CS is higher when glare source is present. Linear regressions were applied
with correlations coefficients higher than 0.9654.
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Figure 3-7. Logarithm of the CS as function of the added straylight for each subject and the two
glare conditions.

The additions of straylight (s) measured with the optical integration method can be
verified using the CS measurements by applying the Paulson-Sjdstrand formalism®*. It is
valid if there is not visual adaptation to straylight effects and the pupil size does not
change during the measurements, which is fulfilled because the stimulus presentation
time was short, and the glare source was not directly projected to retina. Thus, the ratio
between sensitivities for each glare condition (CSo, and CS,y) is written in terms of the
luminance parameters:
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were L is the mean luminance of the sinusoidal stimulus and /g is the veiling luminance

that covers the stimulus area from the scattered light from glare source.

Moreover, I, luminance can be quantified assuming the glare lamp as an annulus with
uniform intensity /c:

Iy = I [, 2maPSF (a)da (3-5)

where «a is the visual angle, amax (6.8 degrees) and amin (7.0 degrees) are the equivalent
maximum and minimum angular radius respectively and PSF corresponds to the
mimicked ocular response (see some examples at Figure 3-3a).

As a further simplification, the PSFs is approximated to the Stiles-Holladay equation®®
(PSF = sa™2, a in degrees). Thus, the veiling luminance becomes directly proportional
to the induced straylight when the integral of Equation 3-5 is developed:

Iy = 2mlgsln [ (3-6)

Amin
Thus, replacing Equation 3-6 in 3-4, the induced straylight is retrieved using the
psychophysical and technical parameters:

_ ii Amax -1 Csoff _
$= 2w lg (Ln [amin]) (cson 1) (3-7)
Finally, Figure 3-8 shows the comparison between the induced straylight amounts
measured with optical integration method and calculated applying the Equation 3-7 to the
experimental CS,; and CS,y values. Their agreement is supported by the 72 correlation

coefficient. These results ratify the accuracy of the CS measurements for several
straylight additions and their glare sensitivity as depicted in Figure 3-7.

540 1 2

(@]

g - TP—
530 T s A Subject 1
220 A ® Subject 2
=20 T =

u ¢ Subject 3
® r?=0.9839

g 10

g

'-03 O T }

w 10 30

Straylight addition [deg?sr-']

Figure 3-8. Relationship between the added straylight (s.4) and the subjectively estimated
straylight through the differential CS test. Linear regression equation is 1.14s,44-2.38.
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3.3.2 Impact in the near retinal periphery

The effects of straylight and eccentricity on CS were measured in five volunteers aged
34412 years old, without any known ocular pathologies. CS was estimated at the fovea
and two eccentricities in the nasal visual field (5 and 10 degrees). Moreover, for each
eccentricity, three straylight amount were added up to 58.3 degsr™! without the presence
of a glare source.
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Figure 3-9. Averaged logarithm of the contrast sensitivity as function of the added straylight and
the eccentricities. Error bars are standard deviations.

Figure 3-9 shows the dependence of the averaged CS with straylight and eccentricity.
Linear regressions are supported in the previous analysis where more straylight additions
were used (see Figure 3-7). CS is more sensitivity to the straylight addition that VA. For
instance, the foveal CS decreases in 0.52 log units due to straylight induction of
50 deg’sr’! while the absolute difference between CS assessed at fovea and 5 degrees of
eccentricity is 0.32 log units with the minimum straylight addition. In the case of VA, the
increment in LogMAR units due to the addition of 50 deg’sr! is only 63 % from the
difference between the AV assessed at fovea and 5 degrees of eccentricity (see Figure
3-5) with the minimum straylight addition. Moreover, the impact of the additions of
straylight on the CS values decreases when eccentricity increases. The measured CS
values without induced scattering across the eccentricities differs to the previously

149,150

reported values mainly due to the differences in the stimuli’s luminance and the size

of the artificial pupil.

The results from both AV and CS tests validate the previously introduced model of
the phase perturbations for the adjustable addition of intraocular scattering. Thus, this
model will be implemented in further experiments to generate the realistic effect of

cataracts.
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4. WAVEFRONT SHAPING TO SEE THROUGH
SCATTERING MEDIA

In this thesis, the wavefront shaping (WS) technique is proposed to extend the
applicability of the AO systems in cataractous eyes. In Section 4.1, an instrument is
presented using a liquid crystal spatial light modulator for both the generation of straylight
and the implementation of the WS technique. In Section 4.2, the performance of the
instrument is examined through the improvement of both PSF and images affected by

diffusers and astigmatism.
4.1 Experimental implementation of the WS technique

Figure 4-1 shows the experimental setup for the simultaneous reproduction and
compensation of intraocular straylight effects using the WS technique. The generation,
testing and compensation of intraocular scattering are carried out by a single LCoS device
(PLUTO; Holoeye, Germany) as a SLM. The LCoS’s area was divided in two halves,
conjugated by a telescope with unitary magnification (composed of a single lens and two
mirrors). The cataractous phase maps are displayed in the first half and the testing phases
(or the correcting phase maps) are displayed in the second one. The LCoS is illuminated
by an expanded and collimated green laser beam with horizontal polarization. The
Fraunhofer pattern of the exit pupil, after the second pass, is formed by a lens on an
EMCCD camera (Luca; Andor, Belfast, UK).

Both halves of the LCoS were digitally aligned with a simple procedure. A random
binary phase map, with a depth of modulation of « radians, is displayed on each LCoS’s
half. The phase map was rotated 180 degrees in the second half to compensate the
inversion introduced by the conjugation. The coincidence between the pupils is evaluated
trough the Strehl ratio of the PSF acquired by the camera. Thus, after a scan of relative
pupil positions, they will be aligned when the maximum Strehl ratio is achieved, due to
the flattening of the total wavefront. This procedure was repeated before each experiment.

The stepwise sequential algorithm® was adopted for the WS implementation because
of its simplicity. According to this algorithm, the testing phase map is divided in regular
segments where the phase of each segment is gradually changed between 0 to 27 radians,
selecting the phase value (@) that maximizes the intensity at the target (see Section 1.4.2).
The target corresponded to the speckle grain with the highest energy, where generally the
ballistic photons are reaching the camera. In principle, the LCoS has a large dynamical
range for the phase modulation (up to 255 levels), however, the length of time for the
compensation routine becomes impractical when large phase steps are considered. Here,
the phase of each segment was changed in twelve phase steps while the intensity of a
selected grain of speckle (i.e., the target) is recorded. Figure 4-2 shows two examples of
those signals with high and low signal-to-noise ratio (SNR). The signals were fitted to a
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cosine function for the accurately ¢ estimation, avoiding the noise introduced by the
camera. Moreover, the ¢ value is approximated to sixteen values between 0 to 27 radians.

The theoretical diffraction efficiency of this phase discretization for the correcting phase
1s 98.7%.
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Figure 4-1. Experimental setup for the simultaneous generation, testing and compensation of the
intraocular scattering using the WS technique. Labels description: FM, flip mirror; M, mirror;
RD, rotating diffuser; BS, beam splitter; AP, aperture; POL, lineal polarizer; IR LED, infrared

light-emitting diode; FPC and LPC, frontal and lateral pupil cameras, respectively.
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Figure 4-2. Examples of the intensity signal across the phase changes for a segment of the SLM.
Signals were fitted for the accurately estimation of the @ phase that maximizes the intensity.
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Once the PSF was optimized, its effects on the extended and incoherent images were
evaluated. For this purpose, a stimulus projection unit was included in the setup, which is
illuminated by the same laser beam used in the correction stage. High-contrast objects
were displayed using a Digital Micromirror Device (DMD, ViALUX 1100; Texas
Instruments Inc., USA) which is conjugated to a rotating diffuser that breaks the spatial
coherence of the beam. A set of lenses translate the object to the image plane at the camera
following the double-pass through the LCoS.

Furthermore, a visual channel was attached to the detection stage of the setup for the
subjective evaluation of WS performance. The entrance pupil of the eye is conjugated
with the LCoS by a telescope with a magnification of 0.43. Two complementary metal-
oxide semiconductor cameras (CMOS; FPC and LPC in Figure 4-1) together with an
infrared LED are used to monitor the transversal and axial position of the eye’s pupil
while the subject’s head is supported by a chin and forehead rest. The methodology for
the visual assessment under the simulated scattered and corrected conditions will be
described in Section 5.1.3.

Three additional actions are required to complete the WS implementation. First, the
temporal performance of the phase modulation by the LCoS was evaluated for several
driver’s setups to select the most appropriate for this application. Next, the influence of
the zero-diffraction order must be suppressed for an accurate estimation of the correcting
wavefront and the acquisition of the improved image. In addition, the inherent aberrations
of the system were compensated to aim the WS correction at phase perturbations
programmed using the LCoS or externally added. Finally, the experimental system was
tested for the image retrieval through physical diffusers and aberrations displayed on the
LCoS itself.

4.1.1 Evaluation of the temporal performance of the LCoS device

The speed of the WS technique is mainly limited by the temporal response of the LCoS
device, which depends on the dynamical properties of the birefringence in the liquid
crystal molecules and the voltage addressing sequence applied to each pixel. Previous
studies'> 12 evaluated the polarimetric effects of the voltages sequences on the same
LCoS model (PLUTO; Holoeye). The impact of three sequences (‘0_6°, ‘S 6’ and ‘18 6”)
on the temporal performance of the phase modulation was also evaluated'>. To reduce
the length of time in the compensation task, the temporal performance of phase
modulation was evaluated in the used LCoS device for the same three voltage sequences.
In addition, for each sequence, the phase was calibrated following the procedure

explained in the Section 3.1.1. Results of phase calibration are shown in Figure 4-3.

Figure 4-4 shows the setup and procedure for the temporal analysis of the phase
modulation. A photodiode (PDA36A; Thorlabs Inc., Germany) is placed at the
Fraunhofer diffraction plane to record the central intensity when flat wavefronts are
displayed in each half of the LCoS. The photodiode is behind of a pinhole with a diameter
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of 100 um for the spatial filtering of the focal point and its signal was digitalized by an
acquisition card (DAC, USB6210; National Instruments, USA) with a frame rate of 250
kHz. At time =0s, a vertical binary grating with a period of four pixels is displayed on
the second half of the LCoS. The re-distribution of energy in the diffraction orders
produces a decrement in the photodiode signal.
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Figure 4-3. Phase shifting as function of the gray levels for several voltage addressing
sequences programmed on the driver of the LCoS.
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Figure 4-4. Temporal analysis of the LCoS’s phase response by the parametrization of the
intensity signal at the zero-diffraction order of a grating displayed on the second half of the
LCoS.
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The photodiode signal was parametrized in terms of: the transition time (#), associated
to the LCoS’s hardware and dynamical properties of the liquid crystal molecules; the
stabilization time, is the sum of # and the required execution time of the Matlab routine
that brings the information to the LCoS; and the amplitude (4) and the period (7) of the
wobbling, which is produced by the oscillations of the liquid crystal molecules induced
by the digital driving'>*!%°, These parameters are depicted in Figure 4-4 (inset).

Results of the parametrization (except 4), for the three voltage sequences, are listed
in the Table 4-1. The wobbling amplitude depends on the depth of the displayed grating
as shown in Figure 4-5. These measurements are in agreement with the conclusions of

previous studies!>!%6,

Table 4-1. Parameters of the temporal response of the LCoS.

Voltage addressing sequence
06 56 18 6
Maximum stabilization time (ms) 25+ 7 29+ 8 29+ 7
Transition time #; (ms) 16 +£7 18+9 14+7
Period 7 (ms) 23+0.1 4.2 +0.1 16.6 £ 0.4

A [V]

0 50 100 150 200 250
Grating's contrast [gray levels]

Figure 4-5. The wobbling amplitude and its dependence with the contrast of the gratings
displayed on the LCoS.

In conclusion, the configuration ‘0 6’ provides the highest temporal performance
among the evaluated voltage addressing sequences. It reduces the wobbling and the
stabilization time of the intensity signal when the phase maps are refreshing in the LCoS.
However, the effective frame rate is 40 Hz instead of the nominal 60 Hz, according to the
manufacturer. Therefore, this sequence will be used in the following experiments.

4.1.2 Suppression of the zero-diffraction order

The zero-diffraction order, understood as the undiffracted light after the pass by the LoCS,
is mainly originated by the reflection in the cover glass of this device and the dead space
between its pixels'>’. The overlapping of the zero-order diffraction with the low-intensity
scattered light patterns has two effects: the performance reduction of the WS technique
and the alteration in the evaluation of the uncorrected and corrected scattering effects on

61



imaging. Therefore, binary phase gratings were added to phase maps displayed on the
LCoS, filtering the light propagated in the first order. The depth of modulation and period
of both gratings were m radians and two pixels, respectively. Figure 4-6 shows the
implementation of this methodology for each pass through the LCoS. In the first pass, a
vertical grating is added to the cataractous phase maps. In the second pass, a horizontal
grating is added to avoid the influence of others diffraction orders from the first pass, and
in this case, a couple of mirrors re-direct the beam to the detection stage. The power of
filtered light after the second pass is 16% of incoming light to the LCoS because of the
diffraction efficiency of the binary phase gratings. Although the diffraction efficiency of
blazed grating is almost 100%, binary gratings were chosen to minimize the impact on
the angular range of the PSF.

This methodology is also useful for the representation of complex pupils in each half
of the LCoS, which is particularly convenient to simulate the asymmetric double-pass
through the ocular media in further experiments.
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Figure 4-6. Experimental strategy to suppress the zero-diffraction order after each pass through
the LCoS by adding carrier gratings. The mirrors to deflect the +1 diffraction order in the
second pass are not shown in the sketch of the setup.
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4.1.3 Compensation of the system’s aberrations

The assembled optical system has inherent aberrations whose main source is the LCoS.
The aberrations of this device, characterized by astigmatism, are originated from the
technical limitations to polish the silica plate that supports the cells of liquid crystal'>%.
Other sources of aberrations are oblique incidence of the beam on the LCoS and

decentered illumination in the lens that conjugates both halves of the modulator.

The benefit after the pre-compensation of those aberrations is that the performance’s
analysis of the WS technique will be only aimed at the aberrations programmed in the
LCoS or externally induced. Therefore, the pre-existing aberrations in the system were
corrected applying an iterative procedure to increase the Strehl ratio. The compensating
phase map was the summation of Zernike polynomials from 2nd to 5th order!®. To
estimate their coefficients, the PSF is recorded by the camera for several values of each
coefficient, selecting and holding the value that maximizes the peak of the PSF (i.e., the
Strehl ratio). The results of the compensating procedure, applied over a pupil with a
diameter of 800 pixels, are shown in the Figure 4-7. At the end of the process, the Strehl
ratio is enhanced 2.8-fold.

a | Correcting phase map b PSF
2 Uncorrected Corrected
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0

Figure 4-7. Compensation of the inherent aberrations of the system using the LCoS.
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4.2 Evaluation of the WS performance

The performance of the developed instrument was evaluated by means of two
experiments where the effects of the scattering and aberrations were separately corrected.
Two physical diffusers were used to reproduce turbulence and turbidity conditions in the
first experiment. In the second experiment, a cylinder phase map with two amplitudes
were displayed on the first half of the SLM to be corrected by the second half. These
experiments allow to test the ability of the WS technique to improve the quality of image
under high-amplitude aberrations or high-scattering samples.

4.2.1 Seeing through physical diffusers

A demonstration of the WS performance was developed to retrieve the incoherent
imaging through two physical holographic diffusers, following the experiment of Katz et
al’’. The diffusers (Luminit, USA) provide gaussian light distributions with full widths
at half maximum (FWHM) of 0.5 and 10 degrees. They allow to reproduce the effects of
turbulence (FWHM=0.5 degrees) and turbidity (FWHM=10 degrees), as shown in Figure
4-8. While the diffuser with low FHWM only induced aberrations that blurs the image,
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the diffuser with high FWHM strongly scattered the light with an approximated amount
of straylight Logjo[s]=2.4 at 3.5 degrees.
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Figure 4-8. Optotypes with different angular size seen through the diffusers. Length of red bar is
five degrees.
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Figure 4-9. Minimization of the effects induced by physical diffusers. The length of the green
bar is 5 arcmin.

The diffusers were placed in the AP plane of the experimental setup (see Figure 4-1),
which is conjugated with the LCoS. While a flat wavefront is displayed in the first half
of the modulator, the testing phase maps (contained in a matrix of 800x800 pixels) are
displayed on the second half. Moreover, vertical and horizontal binary gratings were also
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added for the suppression of the zero-diffraction order as it was explained in the previous
section. The WS technique was implemented, filling the circular pupil of 1972 square
segments with a size of 10x10 pixels in the matrix of the modulator. Figure 4-9a shows
the compensating phase maps for both diffusers.

The initial and optimized PSFs are shown in Figure 4-9b. The PSF enhancements
were 722 and 1141 for the diffuser with FWHM of 0.5 and 10 degrees, respectively.
Moreover, the compensation effects were registered in extended images using spatially
incoherent light, as shown in Figure 4-9c. After the optimization, an optotype with small
angular size affected by the turbidity and turbulence becomes visible. In the case of the
diffuser with 10 degrees of FWHM, the retrieved image looks noisy due to the required
long exposure time (50 s) and maximum gain of the camera. The achieved improvement
on both PSF and imaging proved the performance of the implemented WS technique to
be applied in further experiments.

4.2.2 Simultaneous generation and correction of aberrations

In addition to the correction of the external induction of scattering and aberrations, a
simple experiment was developed to compensate the aberrations displayed on the LCoS
itself. Thus, two astigmatic phase maps representing astigmatisms of 0.5 D and 1 D were
displayed on a half of the LCoS’s area while in the second half were displayed the testing
and correcting wavefronts. Once again, the WS was applied using 1972 segments of a
pupil of 800x800 pixels of the LCoS, where the size of each segment was 10x10 pixels.
Figure 4-10a shows the displayed the programmed aberrations and the corrector phase
maps. Because the segment size was not sufficiently small to reproduce the high
frequency oscillations in the aberrations, corrector wavefronts exhibits aliasing. It is more
evident in the case of the astigmatism with high amplitude, as indicated by the red arrow
in Figure 4-10a.

The comparison between the aberrated and optimized PSFs confirms the correction,
shown in Figure 4-10b. The PSF correction has a direct impact on the improvement of
the quality of an image seen after the double-pass through the LCoS. Figure 4-10c shows
an uncorrected and corrected optotype for both amplitudes of astigmatism. The effect of
the above referred aliasing in the phase maps is the appearance of ‘parasitic’ peaks around
the central peak of the optimized PSF whose location depends on the segment size. In
consequence, their effect on imaging are replicas of the object around the brightest image.
Those effects on both the PSF and imaging are not shown in Figure 4-10b.

In conclusion, the instrument for imaging through scattering and aberrations using
WS technique has been successfully tested. The experiments with external diffusers
showed the ability of the instrument to compensate wavefront perturbations with low-
and high- spatial frequencies corresponding to turbulence and turbidity conditions,
respectively. Moreover, the WS performance for the compensation of aberrations depends
on their amplitude and the segment size of the corrector wavefront. On the other hand,
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the performance of the technique is mainly reduced by cross talk between pixels of the
LCoS"* 16! and measurement noise. This instrument will be used in the following
Chapter to minimize the effects of the simulated cataracts using the LCoS where

scattering and aberrations are simultaneously induced.
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Figure 4-10. Compensation of the astigmatic phase maps displayed on the LCoS. The red arrow
marks the aliasing in the corrector phase map. The length of the green bar is 5 arcmin.
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5. CORRECTION OF CATARACTS USIGN
WAVEFRONT SHAPING

In this Chapter, the calculated ocular phase maps were displayed on the LCoS device to
test the performance of the WS technique in the correction of the effect of cataracts,
simulating a single-pass through the ocular media.

The quality of the achieved correction was assessed using objective and subjective
metrics. First, the enhancement of the PSF was estimated. In addition, two visually related
optical metrics were evaluated: the visual Strehl ratio computed on the frequency domain
and the correlation coefficient. The corresponding improvement on the visual acuity was
also estimated in a group of healthy volunteers. The analysis of the WS performance is
completed with the numerical calculation of the optimized wide-angle PSFs. Finally,
based on the results, a complementary strategy to maximize the benefits of the WS
correction was proposed.

5.1 Imaging through cataracts

The instrument used for the following experiments was presented in Section 4.1. The
phase maps of three distinct straylights, generated using the model of phase perturbations
(see Section 2.1), were displayed on the first half of the LCoS device while the testing or
correcting phase maps were displayed in the other. Those straylight levels corresponding
to a Logio[s] of 1.75, 2.00 and 2.25 at 3.5 degrees at retina, which can be clinically
associated to nuclear opacifications ranked 3, 4 or higher in the LOCS-III scale’. In this
way, the cataracts effects can be simultaneously reproduced and corrected using a single
LCoS device. The size of both aberrated and correcting phase maps were 800 pixels,
corresponding to an artificial pupil of 2.7 mm (diameter) because of the magnification of
the telescope in the visual channel.

The testing wavefront was divided into regular segments by binning the pixels of the
LCoS device. As one would expect, a high number of segments (i.e., small segment sizes)
leads to high quality corrections®, however, this could make inefficient the process
increasing significantly the computational time. To find a trade-off between the quality
of the correction and resolution, seven segment sizes were used for the correction: 80, 50,
40, 32, 25, 20 and 16 pixels of the modulator that correspond to 80, 208, 316, 491 812,
1266 and 1972 number of segments, respectively.

For the correction of each straylight level with each segment size, the following
optical metrics were assessed: the enhancement of the PSF, the improvement on the Strehl
ratio (calculated from the MTF), and the correlation coefficient of optotypes with
different angular size. Additionally, the impact of the simulated effect of cataracts and its
correction on the visual acuity were measured in healthy eyes. In this way, the
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requirements for the suitable effect’s correction of each amount of straylight were

determined.

The methods to evaluate both optical and visual metrics are described in the following
sub-sections. It is important to note that in the subsequent analysis, the angular sizes or
spatial frequencies are referred to the retina plane of the subject, i.e. measured through
the visual channel.

5.1.1 Enhancement of the PSF

Figure 5-1 shows the uncorrected and corrected coherent PSFs for the three straylight
levels. For all the segment sizes, the corrected PSF consists of an energy peak, at the
selected grain of speckle (i.e., the target) in the WS routine, over a background of
uncorrected light.
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Figure 5-1. Effect of the WS correction on the PSF for each amount of straylight and several
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Figure 5-2 depicts the enhancement of the PSF, i.e. the ratio between the optimized
intensity at target and the initial average of intensity around that position, as a function of
the segment size. The shown values correspond to the average of three correction tests
for each segment size and amount of straylight induced. This relationship is linear in the
case of high-scattered samples (e.g., a layer of rutile pigment)®>, however, does not
correspond to the simulated cataracts, even in the advanced stage. Evidently, the
enhancement increases with the amount of straylight due to the reduction of the maximum
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intensity at the uncorrected PSF. An enhancement threshold is observed for the correction
of the lowest straylight level (Logio[s]=1.75) when the number of segments is larger than
1266 (or equivalently, segment sizes lower than 20 pixels).
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Figure 5-2. Evolution of the PSF enhancement with the segment sizes for each amount of
straylight.

5.1.2 Objective evaluation of the improvement in imaging

Apart from the study of the PSF, there is a special interest on the improvement of spatially
incoherent imaging. For this purpose, images of high-contrast binary objects with
different angular sizes were acquired through the simulated cataracts and their
corrections. Figure 5-3 shows an optotypes of an angular size of 7.6 arcmin uncorrected
and corrected. An increase in straylight leads to a blur and reduces the intensity of images.
Consequently, the correction would sharpen the image and increase its intensity. The
correction’s impact depends heavily on the segment size.

Two visually related optical quality metrics were used to evaluate the WS impact on
the quality of image: the logarithm of the visual Strehl ratio and the correlation

coefficient.

Loq visual Strehl ratio computed from the MTF

The logarithm of the visual Strehl ratio computed in the frequency domain (LogVSMTF)

can account up to 86% of the variance in high contrast LogMAR acuity!'%>!3, Unlike

Strehl ratio (Equation 2-4), the definition of this LogVSMTF includes a weighting of the

radially averaged MTF by the neural contrast sensitivity function (NCSF)%7, as follows:
[l oIS wrr(pyNesE(ar

LogVSMTF = Logio |7 (1)
Jy I MTF g (fINCSF(f)df

where fis the spatial frequency, feunop1s the cut-off frequency and MTF 4 is the diffraction-
limited MTF. Here, MTF 4 corresponds to the MTF of the system with the compensation
of the LCoS’s aberrations.

69



Segment size [pixels]

80 50 40 32 25 16
Segment size [um]
137 110 86 69 55

Number of segments

Initial 316 491 812 1266 1972
wn
~
2,
2
= 0 EE  Max
o
o
[o\}
S -
S O mE  Max
e}
N
o -
o o
3 0 EE  Max

Figure 5-3. Imaging through the uncorrected and corrected generated intraocular scattering.
Length of green bar is 5 arcmin.

The limited dynamic range of the camera could overestimate the MTFs directly
calculated as the discrete Fourier transform of the acquired PSFs (Figure 5-1). Therefore,
the MTFs was estimated imaging three or four bar-target patterns'®*. Essentially, in this
frequency-by-frequency methodology, the MTF’s amplitude at the fundamental
frequency of the square-wave input is calculated as the ratio between the spectrum
magnitudes of the output and the input bar-target. In our case, the radially averaged MTF
was approximated to the average of the horizontal and vertical profiles. Moreover, the
MTFs were discretized in seventeen spatial frequencies from 3 to 80 cpd. Figure 5-4
shows the estimated radially averaged MTFs.

As one would expect, MTF is severely reduced as the induced straylight increases.
For each amount of straylight, the corrected MTF depends on the resolution (or sampling)
of the correcting phase maps. In addition, WS process retrieves the MTF for spatial
frequencies less than 60 cpd whose range has a visual impact.
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Figure 5-4. Uncorrected and corrected MTF for each amount of straylight and several segment
sizes.

Figure 5-5 shows the LogVSMTF for the single-value inspection of uncorrected and
corrected MTFs. In the case of a weak cataracts state (i.e., Logio[s]=1.75), the
LogVSMTF increases linearly with the logarithmic decrease of the segment size before
it reaches a threshold, in line with the enhancement of the PSF (see Figure 5-2). The
LogVSMTF curves of the other programmed amounts of straylight follow this tendency
for lower segment sizes. The results suggest that the WS technique has a considerable
impact on visual performance.

-0.5¢ T +Log1o[s]=1 .75
Log10[s]=2.00
+Log10[s]=2.25

Log VSMTF

80 50 40 32 25 20 16 [pix]
274 171 137 110 86 69 55 [um]
Segment size

Figure 5-5. LogVSMTF on the frequency domain for each amount of straylight and the segment
sizes. Dashed lines represent the uncorrected values.

Calculation of correlation coefficients

Pearson’s coefficient, or correlation coefficient CR, is used for comparing discrepancies
between two images. Likewise, it is a good descriptor of the visual acuity in highly
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aberrated eyes . Mathematically, CR is defined as the covariance of the reference (O)

and degraded (/) images divided by the product of their standard deviations'®:

M —O0)(]:—
CR = %i=1(0i-0)(1;-D

- 2
[E0-072 M, (-2 @
=1\"1 i=1\'1

where M is the number of elements of both digitalized images. This metric is ranged from
0 to 1, the former when the images are completely uncorrelated and the latter when they
are identical. Here, the reference image corresponds to the object recorded without
straylight additions.

Initially, the CR of high-contrast optotypes for ten angular sizes were calculated for
the three of straylight amounts and several segment sizes, as shown in Figure 5-6. In
general, WS improves the CR up to values close to one. The higher CR values
corresponds to lower segment sizes and large sized optotypes. Conversely, the CR is
reduced for high binning sizes and large sized optotypes, as shown in some examples
marked by an arrow in Figure 5-6, due to the contrast reduction. In those cases, the
uncorrected scattering after the optimization process produces a luminance veil
originating from the large sized optotypes itself.
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Figure 5-6. Correlation coefficients calculated on uncorrected (initial) and corrected optotypes
for several angular sizes. The correlation decreases for large sized optotypes as consequence of
the loss of contrast.

An additional experiment was carried out to estimate the dependence of the CR with
the alignment between the aberrated and correcting phase maps. The correcting phase
(displayed on a half of the modulator) was digitally displaced Ax microns in the horizontal
axis with respect to the position of the aberrated phase (displayed on the other half).

Figure 5-7a depicts the CR estimations for each Ax value, the three amounts of straylight
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and the previously considered segment sizes using an optotype with angular size of 0.03
LogMAR. The different segment sizes are delimited with black rectangles within the CR
maps. It is important to point out that the Ax values are referred at the pupil of the eye
which is conjugated with the LCoS’s pupil with a magnification of 0.43.

In general, the full width at half maximum (FWHM) of the CR profiles, across the Ax
shifts- increases with the segment sizes. Theoretically, for high-scattering samples of
‘zero’ thickness, the correction will still work within a range of Ax determined by the
maximum between the segment size and the transverse correlation length of the aberrated

wavefront®’

. Therefore, the FWHM tends to be adjusted to the segment size (in microns)
when the amount of straylight is increased because the effect of weak and intermediate
cataracts cannot be described as high scattering samples, as it was previously disclosed

(see Section 5.1.1).
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Figure 5-7. (a) Correlation coefficients across the Ax lateral shifts between cataractous and
corrector phase maps and segment sizes for different straylight amounts; (b) Through-focus
correlation coefficient calculated on a numerical simulated optotype; and (c) range of the lateral
shifts where the correlation coefficients are higher than 0.9 in (a) for each amount of straylight.

Additionally, the CR surfaces shown in Figure 5-7a provide relevant information
about the requirements of the pupil alignment for the projection of the corrector wavefront
on the cataractous eye. It provides an estimation on the range of Ax where the optotype
remains recognizable by the coupled system eye-brain. For each straylight amount and
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segment size, the width of Ax that contains the CR values above a set threshold was
assessed. To determine the threshold, the through-focus CR for a healthy eye
(Logio[s]=0.7) was numerically calculated using the current experimental parameters,
picking out the value at the reported subjective depth-of-field (DOF) which is
approximately 0.42 D for the considered pupil size'®’. The spatial features of both the
LCoS and the camera were replicated in the matrices for the calculation of the through-
focus PSFs applying the Fast Fourier transform?°. Those PSFs were convolved with an
optotype with an angular size of 0.03 LogMAR (the same used in the results shown in
Figure 5-7a). The CR values were calculated for the convolved images by applying the
Equation 5-2 to obtain the through-focus profile shown in Figure 5-7b. As a result, the
CR threshold was 0.90. Finally, the Ax range where the optotype is recognizable, i.e.
where CR is higher than the threshold, are shown in Figure 5-7c.

Assuming that the misalignment between the pupil of the cataractous eye and the
corrector phase is caused by the fixational eye movements (FEMs), the following analysis
on the ranges of Ax (Figure 5-7c) will determine if a corrector based on WS needs of a
pupil tracker and, if yes, its requirements. FEMs are involuntary movements to overcome

the loss of vision related to uniform stimulation of the retinal receptors'!!

when the subject
is staring at an object. Those movements are!®: tremors, high frequency (~90 Hz) and
wave-like motions with amplitude ranged from 0.08 to 0.7 deg/s (comparable to the
diameter of a cone); drift, slow motions (less than 0.5 deg/s) with large amplitude ranged
from 3 to 30 arcmin, moving away the target’s image from the fovea; and microsaccades,
fast (up to 120 deg/s) and jerk-like motions with amplitudes of up to 60 arcmin that
compensate drift. The current analysis is based on the recent FEM’s report'®® over a large
healthy population using a high-speed pupil tracker and stabilizing the subject with the
chin and forehead rest. Statistics of the pupil positions in the horizontal and vertical
directions are 190£121 um and 93+33 pm, respectively. Comparing those values with the
ranges of Ax (Figure 5-7¢), it is possible to infer that the correction of straylight effects
generally will require pupil stabilization because the tolerance to misalignment were
found to be lower than the FEM’s amplitude, except in the case of the lowest straylight
amount and larger segment sizes. Moreover, according to the same report!'®’) the
incorporation of a pupil stabilization loop running at 30 Hz ensures a residual RMS of the
FEMs to 30 um, which is enough to correct the effects of straylight even for the higher
amounts. The above can be extended to older subjects, who present high prevalence of
cataracts', because there is no evidence that the age-related changes in the oculomotor
affects the FEM!'7°.

Nevertheless, these reports didn’t account for the blurring and contrast reduction of
the target in the retina due to the scattering effects, which could increase the FEM’s
amplitude, hence, further research is necessary to determine the actual frequency of the

pupil.
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5.1.3 Subjective evaluation of the correction

In addition to objective metrics, the impact of the PSF correction on the visual acuity
(VA) was assessed using the visual channel of the experimental setup (see Figure 4-2).
The measurements were performed in the right eye of three trained subjects, without any
known ocular pathologies, whose age and refraction were as follows: S1, 34, sphere -1.98
D, cylinder -0.38 D; S2, 28, sphere -0.52 D, cylinder -0.17 D; and S3, 31, sphere -1.94 D,
cylinder -0.28 D. The spherical error for each eye was corrected using the LCoS device.
The diameter of the artificial pupil is 2.7 mm. This size minimizes the effect of the natural
aberrations of the eye and prevents the occlusion of the artificial pupil by the natural one,
which is larger during the measurement due to the low light conditions in the experimental

room.

For the threshold size measurement, a best parameter estimation by sequential testing
(Best PEST) procedure was implemented!’!. The Best PEST method is a rapid and
examiner-independent method where the step size of each trial is adjusted according to
the information already gathered. The adjustment is guided by a psychometric function
with a logistic shape and constant slope. The main goal is to search the angular size at the
steepest slope of that function. The VA was set as the threshold size after 45 trials, enough
for the convergence of the method, and converted to LogMAR units. For each trial, the
task of the subject was to determine the orientation of a tumbling E typing the arrows of
the keyboard. The stimuli were displayed on the DMD for 0.3 seconds after an acoustic
signal. The available stimulus’s sizes were linearly spaced from 0.45 to 44.55 arcmin.

VA is affected by two factors: quality of the, projected on the retina, image and
luminance!”*!”*. However, there is a luminance range where the VA is almost constant!"2,
Therefore, in order to focus the subjective evaluation exclusively on the quality of the
image, the VA with the natural aberration of each subject (except defocus) was
preliminary assessed through an extended luminance range using neutral density filters.
The luminance was estimated using a CMOS camera previously calibrated with a
luminance meter (LS-100; Konica-Minolta Inc, Japan). Figure 5-8a shows the averaged
VA for each subject after three measurements as well as the inter-subject average. The
cyan bar depicts the corresponding luminance range of the stimulus seen through the
corrected straylight effects. In that range, VA is almost constant ensuring that the
observed are solely related to the optical quality of the retinal images. The average VA
values agree with the reported measurements in the literature!’* using also an Maxwellian
artificial pupil with a similar diameter (2.5 mm).

Based upon the above considerations, VA was measured before and after the WS
correction. In addition, to equalize the luminance of the best corrected stimulus (i.e., the
lowest binning size) for all amounts of straylight, the intensity was reduce using neutral
density filters with optical densities of 0.4 and 0.3 when the Logio[s] is equals to 1.75 and
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2.00, respectively. This procedure ensured that the stimuli luminance was within the cyan
range, marked in the Figure 5-8a, throughout all VA assessments after the WS correction.

Figure 5-8b shows the inter-subject average VA for different segment sizes. Three
tests were performed for each subject. These measurements validate both the procedure
and the criteria for the estimation of the misalignment ranges between the aberrated and
correcting wavefronts (see Figure 5-7¢), based on the correlation analysis using an
optotype with angular size of 0.03 LogMAR. The null ranges of Ax in Figure 5-7c, for
Logio[s] equal to 2.00 and 2.25 and larger segment sizes, suggest that in those conditions
the VA would be larger than 0.03 LogMAR, as confirmed by Figure 5-8b.
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Figure 5-8. (a) High-contrast visual acuity as a function of the stimulus luminance. The cyan
line delimits the adjusted luminance range of the corrected stimulus. (b) Averaged uncorrected
(dashed lines) and corrected visual acuity across the three subjects versus the segment sizes for

the three amounts of straylight. Error bars are inter-subject standard deviations.

According to the measurements, WS correction has a high impact on the VA, even
for large segment sizes and high amounts of straylight. This is because, regardless of the
straylight amount, the corrected PSF is a peak over a background and its relative height
depends on the segment size (see Figure 5-1 and 5-2). Thus, while the protruding peak of
energy deblurs the retinal image, the uncorrected scattering (the background in the PSF)
results to a contrast reduction. Therefore, the VA is reduced when the segment size
increases due to the loss of contrast. In fact, the contrast is not only reduced for small
fields, but also on large fields too, as seen in Figure 5-6. In conclusion, the lack of contrast
would be a serious limitation in the correction of cataracts using the WS technique. A
detailed explanation and repercussions of this phenomena will be given in the following
section.

5.2 Limits of the correction
As disclosed through both the objective and subjective metrics, WS technique primarily

deblurs the retinal images and did not enhance completely their contrast. For a better
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understanding of this performance, the uncorrected and corrected wide-angle PSFs were
numerically calculated. Moreover, a physical simulation of a daytime scene as seen
through a corrector of cataracts based on WS, was carried out. A solution to overcome
this limitation is proposed.

5.2.1 Numerical calculations

The WS implementation and the subsequent experiments, were carried out to evaluate the
improvement on resolution. Thus, in order to increase the sampling of the camera, a
narrow field of view (~43 arcmin) was required. In addition, the restricted dynamic range
of the camera did not allow the detailed inspection of the complete angular range of the
PSF at the retinal plane (~4.5 degrees). Therefore, to evaluate the WS’s effects on
straylight, the uncorrected and corrected wide-angle PSFs were calculated for the three
induced amounts of straylight, adopting the experimental parameters in the numerical
simulation of the WS routine. The propagation of the optical field was calculated using
the Fast Fourier transform® (see Section 1.1.3). Figure 5-9 shows the radially averaged
PSF where the triangles mark the diffraction angles () associated to each binning size in
the correcting wavefront. The p angle is given by sin"'(1/b), where A and b are the
wavelength and the segment size, respectively.

Log4o[s]=1.75 Log,o[s]=2.00 Log,o[s]=2.25
7E ] [ ]
108 10° .
105 10° 10 _ 10
T; 10% 104 i 104
™ 10° 103 103 &2
P 103 ] -
0 02 04 06 0 02 04 06 0 02 04 06
10"}

o 1 2 3 40 1 2 3 4 0 1 2 3 4

Retinal angle [deg] Retinal angle [deg] Retinal angle [deg]
Segment size
—— 80 pixels (274 pm) 25 pixels (86 pm)
50 pixels (171 ym) —— 20 pixels (69 pm) — Uncorrected
40 pixels (137 ym) —— 16 pixels (55 um)

— 32 pixels (110 pym)

Figure 5-9. Numerical calculation of the correction’s effects on the radially averaged wide-angle
PSF with several segment sizes for the three considered amounts of straylight.

As shown in the magnified windows in Figure 5-9, the impact of the WS on the PSF
is limited to the angular range of p where the light is spatially redistributed to form the
central peak. In this way, the focus is recovered. However, WS did not correct straylight
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and it would still affect the quality of vision. In principle, the p angle could be extended
reducing the segment size as far as the SLM resolution, however, the minimum segment
size will be constrained by the frame rate of both the SLM and the stabilization of the
eye’s pupil.

5.2.2 Overcoming the effects of the remaining scattering

The effects of the partial correction by the WS on a daytime scene are illustrated trough
the sequence of images shown in Figure 5-10. Let’s suppose that a subject with advanced
cataracts (e.g., Logio[s]=2.25) is in front of a stairs whit lamps around (Figure 5-10a).
The scene is indistinguishable due to cataracts, whose effects include blur, loss of contrast
and reduction in intensity (Figure 5-10b). If the subject sees the stairs through an adaptive
optics corrector based on WS (Figure 5-10c), the scene will look deblurred and more
luminous, but the contrast will still be reduced due to straylight originating from the lamps
or any bright point (e.g., diffuse reflections of the lamps). Hence, the localized impact of
the WS technique couldn’t be enough to improve the subject’s perception.

Original scene Cataract effects Low-contrast corrected image

(a) (b) (©)

Figure 5-10. Scene seen through: (a) clear optics, (b) simulated cataracts and (c) corrected
cataracts using WS.

To overcome this limitation, a simplification of the image projected on the retina is
proposed. It would be carried out by an auxiliary camera and an appropriated real-time
processing, attached to the WS corrector, with the following functions: to remove the
glare sources and to identify the key information into the scene. Moreover, the simplified
and corrected scene would be projected on the retina through a head-mounted display
(HMD), being imposed to the image under the effect of cataracts to preserve some insight
of the environment, e.g. surrounding luminance level.

The proposed simplification of Figure 5-10a is shown in Figure 5-11a. In this case,
an edge-detection operation was simulated, creating a binary image where the structure
of the stairs could be identified. As an experimental demonstration, this simplified image
was introduced in the stimulus projection unit of the developed instrument (Figure 4-2)
to be recorded under the partially compensated effects of straylight (Logio[s]=2.25) using
a binning size of 55 um. Figure 5-11b shows the retrieved simplified stimulus that was
digitally added to the Figure 5-10b, simulating how it would be seen through the HMD.

78



Scene’s simplification High-contrast corrected image
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Figure 5-11. (a) Proposed simplification of the scene shown in Figure 5-10a like edge-detection
process. (b) Experimental image of the simplified stimulus recorded through the instrument
correcting an advanced cataract.

The original scene (Figure 5-10a) was acquired with a smartphone camera with clear
optics. A round glass diffuser (DG-1500; Thorlabs GmbH, Germany) was put in front of
the camera to reproduce both the uncorrected and the corrected effects of cataracts. The
Fraunhofer pattern associated to this diffuser (shown in Figure 5-12a) consists of a high-
intensity central peak over speckle. It mimics an optimized PSF by the WS method,
producing a well-focused image added to the scattered light (Figure 5-10c). The generated
amount of straylight (at 3.5 degrees) by this diffuser was Logio[s]=2.25, calculated from
the normalized wide-angle PSF shown in Figure 5-12b. The enhancement of the PSF by
this simulated correction is 4500. An estimated segment size of 36 um is required to
achieve that enhancement, according to a projection of the values shown in Figure 5-2.
Finally, to simulate the uncorrected effect of cataracts, blur was added applying a digital
gaussian filter to the Figure 5-10c and the brightness was reduced.
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Figure 5-12. Optical response of the DG-1500 diffuser: (a) over-exposed bidimensional PSF and
(b) the normalized wide-angle PSF estimated using the experimental data reported by the
manufacturer'”®. Length of green bar is 5 arcmin.
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6. PERFORMANCE OF THE WAVEFRONT
SHAPING TECHNIQUE IN A DOUBLE-PASS
SETUP AND FUTURE WORK

Considering that in vivo, the eye’s responses are acquired using a double-pass through the
ocular media, the performance of the WS technique was evaluated in this configuration
using the instrument previously described in Chapter 4. Based on the obtained results,
further requirements are discussed for the in vivo correction of the effect of cataracts.

6.1 Reproducing the double-pass PSF

Throughout the experiments performed in Chapter 5, the test beam was assumed to pass
one time through the ocular media. However, the in-vivo WS application will require the
double-pass (DP) technique to record the short-exposure ocular PSF. Therefore, the
performance of the currently applied WS procedure was evaluated in a DP setup using
the same instrument. The entrance and exit pupils of the DP were displayed in each half
of the LCoS’s area. Because the instrument allowed the complex modulation of optical

field, unequal entrance and exit pupil sizes were reproduced.

Figure 6-1 illustrates the image formation process in the DP technique!’¢. Following
this formalism, the short-exposure double-pass PSF (DP PSF) is the squared modulus of
the correlation between the first-pass (4;) and second-pass (/2) impulse responses:

oo . o 2
DP PSF(x",y") = |ff_oo h,(x"+ mx",y" + my”)hl(x’,y’)e‘R(x v') dx'dy’| (6-1)

where m is the modulus of the magnification in the first pass (m = |s’/s|) and R(x',y")
denotes the random phases induced when light is backscattered from the mosaic of
photoreceptors in the retina.

Physically, /#; and 42 impulse responses describe the effects of the diffraction at the
pupil, aberrations and scattering on an idealized point source represented by the Dirac
delta function §(x,y). Considering a shift invariant optical system, 4; and /> responses
can be calculated as the Fourier transformation of the entrance P;(é;,1,) and exit
P,(&,,7m5) pupil functions respectively. Note that, according to the Figure 6-1, the wave
aberrations (W) are the same for both passes, except for the change of sign. In the same
way, the sign of the phase map displayed in the LCoS’s half that corresponds to the second
pass was changed.

81



» DP PSF
y 'y 2 ’72 !
& x Yy
¢ !
-
ptssle 2l o
////1?\&* ﬁ
s — &
s
Pi(¢m) = Cir01(f1:771)eiw(fl'm)\l P, (&2,m2) = Circz(fz»ﬂz)e_iw(fz'm)
hy(x',y") o« F{P, (&1, m)} hy(x",y"") o< F{P,(&2,m2)}

Figure 6-1. Image formation of a point spource §(x, y) through a double-pass by an optical
element with wavefront W. This corresponds to an asymetric setup because the unequal sizes of
the entrance and exit pupils, which are given by the circ, (§1,74) and circ,(&,,1,) functions,
respectively.

The surface R in Equation 6-1 includes the effects of the light’s interaction with the
ocular fundus on the DP PSF. It adds speckle to the DP PSF under spatially coherent

illumination'”’

. One of the objectives of the following set of experiments is to evaluate
the impact of this phenomenon on the WS correction. For this reason, a holographic
diffuser (Luminit, USA) was placed at the focal plane on the conjugation path of the
LCoS’s areas (see Figure 4-1). This element produces a gaussian distribution of the light
with a FWHM of one degree. Figure 6-2 depicts the effects of the diffuser’s inclusion on
the mimicked DP PSF of a young eye (i.e., Logio[s]=0.8 at 3.5 degrees). For this example,
the programmed sizes of the entrance and exit pupils are 1 and 2.7 mm, respectively. The

appearance of the simulated DP PSF (see Figure 6-2b) corresponds to the real short-

exposure DP PSF using coherent sources!’”:!78,
Without diffuser With diffuser
Max
0

(a) (b)

Figure 6-2. Experimentally reproduced asymmetrical DP PSF for a young eye (a) without and
(b) with the effect of the light’s interaction in the retina. Length of green bar is 5 arcmin.

6.2 WS correction in double-pass

The correcting wavefronts for three simulated cataractous eyes, with logarithmic amounts
of straylight equal to 1.75, 2.00 and 2.25, were experimentally estimated considering four
combinations of the entrance and exit pupil sizes:
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e Cl1: The size of both entrance and exit pupils are 2.7 mm.

e (2: The size of the entrance and exit pupils are 1.0 and 2.7 mm, respectively. To
reduce the impact of the aberrations on retinal focus, the entrance pupil size was
reduced to 1.0 mm. This approach is commonly used in adaptive optics systems
as an approximation to a single-pass measurement!”’.

e (3: The size of the entrance and exit pupils are 0.5 and 2.7 mm, respectively. As
the chosen straylight amounts are higher, to reduce even further the impact of the
aberrations in the first pass, the entrance pupils size was reduced to 0.5 mm.

e (C4: The size of the entrance and exit pupils are 2.7 and 0.5 mm, respectively.
Unlike the previous setups, in this case the testing wavefront is projected within

the incoming beam.

The testing wavefront was always assessed over the larger pupil of each shown
configuration, which is contained in a matrix of 800800 pixels in the LCoS. The
correction’s procedure for the DP PSF is the same of the previous experiments where,
basically, the phase of each pupil segment is tuned to maximize the intensity in a selected
grain of speckle. The segment size was fixed to 56 pm or 16 pixels of the LCoS. Figure
6-3 shows both uncorrected and corrected DP PSFs as well as their enhancements for the
three amounts of straylight and each combination of the pupil sizes.

According to the Figure 6-3, after the WS application, the DP PSFs were improved
for both symmetric and asymmetric setups. The enhancements are higher than those
obtained in the previous Chapter (see Figure 5-2), confirming the increased deterioration
of the DP PSF as consequence of the scattering in both the ocular media and the retina.
However, the correction on the DP PSFs can’t be associated to the improvement on the
quality of vision, which occurs in a single-pass. To evaluate the enhancement on the
single-pass (SP) PSF, the correcting wavefronts, properly conditioned for each
configuration, were conjugated to the cataractous phase map in each half of the LCoS
without the diffuser that simulates the retina, as it was done in previous Chapter. In this
case, the size of the pupil is 2.7 mm. Figure 6-4 shows the effects of the DP correction on
SP PSFs, including (in parenthesis) the coefficient between the Strehl ratios of the
modified and uncorrected SP PSFs for each amount of straylight.

Clearly, the correction performed on the DP PSF using coherent light does not
enhance the SP PSF. In fact, the correcting wavefronts in DP decrease the Strehl ratios of
the SP PSF. The interaction of the light with the retina has a strong influence in the
correction of the DP PSF using WS. As an evidence, those configurations (C2, C3 and
C4) addressed to minimize the effect of the aberration in one pass did not improve the SP
PSF. Another factor that has influence in those results is the difference of the pupil
illumination during the correction in DP and the test of the corrector wavefront in SP.
Under spatially coherent illumination and a short exposure regime, the pupil is

illuminated with a non-uniform pattern due to the scattered light in the retina. It can
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darken some regions of the pupil which cannot be corrected by WS routine in DP. Now,
when the pupil is uniformly illuminated in the SP experiment, the previously darkened
regions will contribute scattered light to the SP PSF. In consequence, a suitable solution
to obtain a visual benefit from a WS correction in DP is to reduce the spatial coherence
of the sources, suppressing the speckle in the DP PSF and making uniform the pupil’s

illumination.
C1 C2 c3 C4
Entrance *
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Figure 6-3. Uncorrected and corrected DP PSFs using WS technique for the considered
combinations of entrance and exit pupil sizes (in parenthesis). The star marks the pupil where the

testing wavefront was projected. Length of green bar is 5 arcmin.
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Figure 6-4. SP PSFs after the projection of the estimated corrector wavefronts in DP on the
ocular phase maps. Length of green bar is 5 arcmin.

6.3 Future work

The main motivation of this thesis was the in vivo correction of cataracts using the WS
technique. Hence, the following tasks are suggested to implement the WS technique in
double-pass, what is relevant to the quality of vision:

e Incorporation of fast SLMs

A LCoS device was used for the simultaneous generation and correction of the intraocular
scattering. Despite its limited frame rate, this device was very useful due to its high spatial
resolution. However, a feasible in-vivo correction will need faster devices such as Digital
Micromirror Device (DMD) whose typical frame rates are tens of kHz.

e The wavelength’s selection of the testing beam

Longer wavelengths (i.e., > 600 nm) are suitable to be used in current adaptive optics
systems because it produces high reflectance of the ocular fundus and the subject’s
comfort in the case of the infra-red where the eye is less sensitive!®*!3!. On the other hand,
the amount of straylight increases for longer wavelengths mainly due to the retinal

diffusion instead of scattering in the ocular media'¥

, the phenomenon of interest. Thus,
a study is necessary to solve this paradox between the minimization of the effects

originated in the retina and the amplitude of the intensity signal.
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e Reduction of the speckle in the DP PSF

The reduction of the speckle would allow: to isolate the effects of the ocular media, to
make uniform the pupil illumination for the WS correction in DP, and to simplify the
mathematical description of the DP PSF. Current methods to reduce the speckle at the DP

PSF are based on time'%’, space!$%!83

and wavelength diversity. Space and time diversity
approaches require some extension of the acquisition time to average the speckle, being
generally larger for the time diversity. In principle, wavelength diversity, referred to the
use of broadband lasers with low coherence length, can reduce the speckle in a short
exposure time. However, several authors use additional methods for an effective

reduction!’®182

, reducing the rate of the correction. As a consequence, the selection of a
method for the speckle suppression must be evaluated because its direct impact on the

temporal frequency of the wavefront correction.

e Re-evaluation of the merit function

If speckle is reduced, the DP PSF will be mainly influenced by the scattering in the ocular
media. At this point, the merit function that guides the WS routine must be re-evaluated.
In eyes with a moderate amount of scattering, the DP PSF can be approximated to a
diffraction-limited PSF correlated with the SP PSF when the entrance pupil size is
sufficiently reduced!”. In that case, the suggested goal of the WS routine is simply to
maximize the Strehl ratio of the DP PSF. Nevertheless, it could not be applicable to the
case of cataractous eyes because of advanced deterioration of the SP PSF even for small
pupils. Therefore, the following disclosed challenge is the re-definition of the merit
function to ensure the improvement of the quality of vision above the mere DP PSF
compensation.
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7. CONCLUSIONS

These are the main conclusions of the work:

1.

A new model for designing random phase maps that replicate the angular
distribution of intraocular straylight (i.e., the ocular PSF values at large retinal
angles) was developed. The generated amounts of straylight by this model were
experimentally verified using a setup with a liquid crystal display as spatial phase

modulator.

The model was extended to accurately reproduce the ocular PSF in the whole
angular range, including the domain of the HO aberrations. The aging effects on
HO-RMS and SR, the wavelength dependence of straylight and the appearance of
the ciliary corona were numerically replicated being compared with clinical and
experimental results previously reported.

A visual simulator was developed to induce scatter by displaying the generated
phase maps based on a LCoS device. Visual tests (on the fovea and two retinal
eccentricities) were performed inducing several amounts of straylight. Visual
acuity (in LogMAR units) linearly increases with the amount of straylight.
Moreover, the logarithm of contrast sensitivity (at 3 cycles per degree) is linearly
reduced as the amount of straylight increases.

An instrument for the simultaneous generation of the straylight effects and their
correction using the WS technique was developed. The instrument uses a double-
pass through a single LCoS-SLM. Its performance was proved by retrieving the
image under turbulence and turbid effects.

The effects of three induced amounts of straylight, associated to three cataract
levels, were corrected using seven segment sizes (from 55 to 274 um) of the
testing and correcting wavefronts. The corrections were initially performed
considering a single-pass through the ocular media, providing the most promising
performance of this technique.

In general, the main effect of the WS correction was deblurring. However, the
quality of the correction, related to the maximum intensity of the optimized PSF,
was dependent of the segment size. A threshold of both the enhancement of the
PSF and the visual SR was found when the effects of weak cataract (i.e.,

Logio[s]=1.75) were corrected using segment sizes lower than 69 um.

The range of lateral displacements between to the cataractous phase maps and the
correcting wavefronts where a small sized optotype could be recognized was
estimated for each straylight amount by an analysis on the correlation coefficients.
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Those ranges were 158, 110 and 82 um for Logio[s] equivalent to 1.75, 2.00 and
2.25, respectively. Because the amplitude of the fixational eye movements are
higher than those ranges, a pupil tracker could be required in a future in-vivo
implementations of scatter correction.

The WS technique did not have impact on the corrected amount of straylight
because its angular range of influence is narrow (up to 0.56 degrees), which was
determined by the spatial resolution of the correcting wavefront. A possible
strategy on the image projection was proposed to overcome the contrast reduction
because of the uncorrected scattering.

The instrument was modified to evaluate the performance of the WS technique
simulating symmetric and asymmetric double-pass through the ocular media. The
WS correction was influenced by the scattering at the retina when coherent light
was used. This affected the improvement of the quality of vision.
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A. APPENDIX: PHASE CALIBRATION OF THE
LIQUID CRYSTAL DEVICE

The phase calibration of the LCoS device is the linearization process of the phase
modulation (between 0 and 27 radians) as function of the gray levels programmed on the
computer. An accurate evaluation of the phase modulation is necessary for the calibration
process. Here, the phase modulation is evaluated implementing a simple interferometric

method'#

, which is based on the projection of a binary grating on a half of the LCoS area
while uniform background with ¢ gray level is projected on another half. An interference
pattern arises as result of the propagation of both halves when the LCoS is illuminated by
a monochromatic and spatially coherent laser beam. A horizontal polarizer oriented with
the director axis of the parallel aligned liquid crystal molecules, is placed in front of the
camera to avoid the effects of the unmodulated light by the LCoS. The displacement of
the straight fringes is directly related to the average phase introduced by each o gray level.
The height of the binary grating is selected to maximize the fringe contrast. Figure A-1

shows the optical layout of the experimental setup and the fringes for several ¢ values.

LCoS o Fringes
€ ; 0
R\ 50

Polarizer
/ 100

o I 255 ([Hmh, Camera
Gray level \a 150
200
Expanded
laser beam 250

Figure A-1. Setup for the phase calibration of the LCoS. The phase induced by the c gray level
is assessed through the shifting fringes produced by the interference between both LCoS’s
halves (café wall illusion can be observed in the stacked fringes). The linear polarizer in front of
the camera selects only the modulated light.

The LCoS driver internally converts the gray levels to voltage signals through a look-
up table (LUT). For the calibration process, the parameters of the LCoS driver are fixed:
voltage sequence (5_6, given by default), and the maximum (3.92 V) and minimum (1.22
V) operative voltages applied to each cell. The phase is initially evaluated as function of
gray levels setting a linear LUT. This first result is used for the linearization of the phase
response through the LUT correction'®. Figure A-2 shows the LUT and phase
modulation before and after the calibration. Thus, the performance of wrapped phase
elements displayed on the LCoS is optimized.
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Figure A-2. Uncalibrated and calibrated: (a) look-up table (b) phase modulation.
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