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Abstract

The human eye has been a subject for study for many scientists across several cen-
turies. Even axial or foveal image quality is often degraded by wavefront aberration
or intraocular light scatter. Additionally vision degrades with age. It is also known
that the aberrations of the eye, like any optical system, vary with the field angle. Im-
age degradation increases with retinal eccentricity, which is the main factor limiting
retinal imaging off-axis. Secondly, the knowledge of the on-axis (foveal) and off-axis
ocular aberrations pattern is especially important for understanding the optical prop-
erties of human eye and all origins of its optical imperfections.This knowledge would
give reasonable answer of how our built-in optical system can be corrected and mod-
eled, taking into account all inter-subject variabilities.

The central visual field is not fully understood yet. With all asymmetries, tilts and de-
centrations of the optical surfaces of the eye, the Seidel theory of aberrations should
be expanded accordingly to match the case of the eye. We performed sequentially
measurements of the field aberrations within the horizontal and vertical meridian
(10x10 degree visual field) of 25 young eyes with an aberrometer based on the Shack-
Hartmann principle. The experiments have resulted in field distribution and the
weights of ocular aberrations and gave an idea about complexity of the optical system
of the eye.

We stressed the importance of taking into account all non-negligible effects that in-
fluences the final data. We performed ocular wavefront measurements in order to
estimate optical effects of the tear film’s evolution on the cornea after a single blink.
The experimental results suggested that it can significantly influence measured wave-
fronts by causing an additional temporal fluctuation of some of the aberration terms.
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Chapter 1
Introduction and Thesis

Synopsis

Human vision is very complex mechanism that includes a detection, registration and
data processing stages. Even small imperfections in the optical system of the eye, can
degrade the quality of vision. These optical imperfections are called ocular aberra-
tions. It has been a long way for science community to uncover all the complexity
of the optical system of the eye and a delicate photoreceptor layer as a detector. The
nature of aberrations occurring in the human eye is complex mainly due to the lack
of rotational symmetry of the eye, irregular shape of the cornea and gradient index
structure (GRIN) of the crystalline lens. In light of this in order to create a new, real-
istic eye model, we should understand the origins of aberrations of the eye not only
on-axis but also at the periphery of the field. However, after few hundred years of
exploration of the eye and evolution of imaging, wavefront sensing and other oph-
thalmic instruments, the eye remains to be not fully understood. Even if we consider
the modern imaging instruments with the ability of cross-sectioning of the retina lay-
ers in vivo, we come across some limitations in resolution. In this chapter we briefly
introduce a history of the development of some important instruments for the investi-

gation of the eye. We also present the synopsis of this thesis and a list of publications.

2



Chapter 1. Introduction and Thesis Synopsis

1.0.1 Simplified Historical Review of the Ophthalmic Instru-

mentation

The unremitting development of science and technology, especially medicine, causes
a creation of a vast number of novelty instruments and techniques. The same applies
to the science of human eye and vision. Simplifying the complex history of discov-
eries in the optics of human eye area, scientists, who lived at the turn of the 16" and
17'" century such as Galileo, Kepler, Scheiner and Descartes initially started to treat
the eye as an optical instrument. They provided the first description of the eye’s op-
tical components realizing, that the image on the retina was inverted [1,2]. The 17
centaury brought Christiaan Huygens, who, besides deriving the laws of reflection
and refraction, built a physical eye model made of two hemispheres filled with water
and a diaphragm [2,3]. It was not until the beginning of the 19 century that Thomas
Young gave a geometric optics description of the cornea and the lens. However, the
mentioned names include only famous astronomers, mathematicians and physicists,
the number of bright researchers worked in this field was much greater. A great step
forward, as it turned out, was the invention of ophthalmoscope by a German physi-
cist Hermann von Helmholtz in 1850 [4]. This instrument is schematically shown
in Figure 1.1(original illustration). It allowed observation of the details of the living
retina and it was widely recognized as revolutionary invention in ophthalmology.

Figure 1.1: Helmholtz’s ophthalmoscope. Fig.2 (left side) - the instrument is viewed
from in front, Fig.3 (right side) - the instrument is exhibited in horizontal cross-section.
Mlustration adopted from [5].
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Another milestone in the history of the investigation of the internal eye components
was the development of the slit lamp biomicroscope. This instrument was not only
important as an essential diagnostic tool in the clinic, but also served to greatly ad-
vance the scientific knowledge of the optical structure of the eye. The history behind
this device started in 1820, when Jan Evangelista Purkinje applied an adjustable mi-
croscope to the iris examination in scattered light [5]. Several decades later, Louis de
Wecker constructed a primitive version of uniocular slit lamp, with combined eye-
piece, objective and adjustable lens. An improved version of de Wecker’s instrument
was proposed in 1899 by Siegfried Czapski, who added binocularity to the micro-
scope and mounted it on the horizontal axis. However, it was still to early for these
instruments to be clinically useful. The Swedish ophthalmologist Alvar Gullstrand
(the Nobel price laureate in 1911), created a first true slit lamp to illuminate the eye.
The modern slit lamp biomicroscope was born in 1910, when Henker and Vogt im-
proved a Gullstrand’s device by creating an adjustable slit lamp and combining Czap-
ski’s microscope with Gullstrand’s slit lamp illumination. Figure 1.2, is an example
of early slit lamp biomicroscopy from 19" century. It was a powerful tool capable of

stereoscopically examining optical sections of the anterior segment in great detail.

Figure 1.2: Gullstrand’s slit lamp. The version shown with a corneal microscope, that
was built at Carl Zeiss from 1916 onwards. Image taken from an electronic data base
at http:/ /www.zeiss.de/ .
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In considering the history of the development of ophthalmic devices, is important
for understanding how long it took to form the ophthalmic devices to the current
shapes and level of usefulness. We should bear in mind that there were much more
inventions and individuals who spent their entire professional activity on this topic.
Furthermore, the history of the human eye investigation is constantly running, and

we are still looking for solutions for new tasks.

1.0.2 Modern Times

Classical ophthalmoscopes or slit lamps gave the origin for many modern instru-
ments, that resemble their predecessors in name only. These are the scanning laser
ophthalmoscope (SLO), that allows to obtain a high resolution images of the retina [6],
and optical coherence tomography (OCT), which is an imaging technique based on
interferometry [7]. Of course such techniques could not be developed without many
important discoveries that the 20" century has brought with (e.g. the invention of the
LASER). Another important development came from the field of astronomy. Adaptive
optics (AO) was first proposed by Babcock in 1953, for compensating the aberrations
introduced by the atmosphere in telescope images [8]. In the mid to late 1980s the
astronomy community took advantage of the advancements made by the military in
the field of adaptive optics. Technological developments in CCD detectors and de-
formable mirrors have given rise to a new era of aberration correction. It turned out,
that applying the AO system to the correction of the aberrations of the human eye,
one can get tangible benefits in terms of enhancing resolution of the retinal imag-
ing process [9-11]. We should bear in mind that the evolution of wavefront sensing
and aberrometry techniques was crucial for retinal imaging, and we shall give a brief

description on other techniques in Chapter 2.

The aberrations of the eye limit any optical system imaging the eye in vivo. Not sur-
prisingly, the adaptive optics has been combined with other techniques in order to
improving the resolution of retinal images down to almost the diffraction limit. In
2002 AO was combined with the confocal scanning laser ophthalmoscope (cSLO) by
Roorda et.al [10]. Integration AO into ¢SLO, gave a benefit in enhanced resolution (up
to about 3 um) and field of view up to 3 degree. About year later, AO was implemented
in optical coherence tomography (OCT) by Miller and colleagues [12]. This resulted in
improved resolution being axially around 3 ym and from 5 to 10 um transversally [13].
In 2009 Torti and colleagues, using the AO-OCT optical set-up, reached even better
resolution level of 2 um axially and about 2.7 um of transverse resolution [14]. More
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detailed description of the OCT technique and its applications may be found here [15].
An adaptive optics system can also act as a visual simulator, when the impact of ocu-
lar aberrations on the visual performance is measured [16-18]. There are still ongoing
effort to make imaging systems with AO more commercially achievable, however a
classical, direct ophthalmoscope is still an indispensable tool for initial investigation
of the eye. Figure 1.3 shows an example of the retinal image from one of the commer-

cial instrument with the AO system onboard.

Figure 1.3: Image of the retinal photoreceptor cells (4x4 deggree) of author, taken with
an Adaptive Optics Retinal Camera, at the Imagine Eyes Company, Orsay, France.
Thanks to Barbara Lamory.

1.0.3 Thesis Synopsis and Publications

Chapter 2 provides the background information related to the human eye and its
optics. A general description of the optics and physiology of the eye is given here,
with an emphasis on the axes of reference. Next a review of existing models of the
eye is presented and a brief description of the main features during their develop-
ing is also given. Next, since we treat an eye as the independent optical system, we
give a basis principles of aberration theory, followed by a more detailed overview

of different kind of the optical aberrations, then we describe how the aberrations are

6
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commonly quantified using Zernike polynomials. We show different metrics to quan-
tify the optical quality of any optical system with reference to the human eye. Finally,

an overview of common techniques used in wavefront sensing is given.

Chapter 3 presents our measurements of the off-axis, 10x10 degree visual field. We
present here our optical set-up and experimental procedure that we used to examine
25 healthy eyes of 25 individuals from the young population. We show how the aber-
rations of the wavefront, measured with a dedicated Shack-Hartmann (SH) wavefront
sensor (WFS) in the pupil plane of the eye and expressed in Zernike polynomials, are
distributed along horizontal and vertical meridian of the visual field. Our attempt to
understand the origin of inter-subject variability in terms of the RMS wavefront error
distribution and estimation of the size of the averaged isoplanatic patch is also shown
in this Chapter.

Chapter 4 focuses on the experimental assessment of the optical effect of tear film
variation after blinking in young healthy eyes. Here we present a statistical analy-
sis, based on an experimental data, gathered from 5 young subjects. Results we dis-
play here, show decomposition of some single Zernike aberration terms and groups
mainly inducted by the evolution of the tear film layer on the front surface of the
cornea after a single blink.

Chapter 5 concludes on the work presented in this thesis and discusses the origins of
some types of ocular aberrations. Finally, we give here an outlook for further investi-
gations and possible improvements in realism in eye modeling.

Publications

¢ A. V. Goncharov, M. Nowakowski, E. Dalimier, M. Sheehan, and J.C. Dainty.
A study of field aberrations in the human eye. In Proceedings of 6" International
Workshop on Adaptive Optics for Industry and Medicine, Galway, Ireland, 6:293-298,
2007. , Galway, Ireland, 6:342-347, 2007.

¢ A. V. Goncharov, M. Nowakowski, M. T. Sheehan, and C. Dainty. Reconstruc-
tion of the optical system of the human eye with reverse ray-tracing. Optics
Express, 16(3):1692-1703, 2008.



Chapter 2

Background for the Study

Most optical imaging systems suffer from aberrations and the human eye is no excep-
tion. The optical system of the eye contains three main components: the cornea, the
iris, and the crystalline lens. The cornea is responsible for roughly two thirds of the
total optical power of the eye and hence it is one of the two major contributors to the
total aberrations of the eye. The corneal shape is usually aspheric without rotational
symmetry, which gives rise to astigmatism, trefoil coma and some other higher-order
aberrations. The crystalline lens is the second major contributor to the aberrations
of the eye, especially in view of its gradient index nature (GRIN). Understanding the
optical properties of the eye with all decentrations, misalignments and asymmetries

of the optical surfaces is of a main goal of research on the optics of the human eye.

In this Chapter we provide the background information about the optics and phys-
iology of the eye. We discuss the different approaches and the properties of exist-
ing models of the eye. We also give an overview of the aberration theory with aa
emphasis on the Zernike polynomials, which are commonly used to quantify ocu-
lar aberrations. Next, we show different metrics of the quality of any optical system
with reference to the human eye. Finally, an overview of common techniques used in

wavefront sensing is given.



Chapter 2. Background for the Study

2.1 Optics and Physiology of the Eye

The eye enables us to view an external world. From the optical point of view it works
like a photographic objective creating an image with a focusing mechanism allowing
the eye to adjust its optical power. The optical system of the eye has four distinctive
refractive surfaces: anterior and posterior surfaces of the cornea and the crystalline
lens. The optical power K for each optical interface is proportional to the change in
refractive index and inversely proportional to the radius of curvature r, as showed an
eq. 2.1
(12 —m)

K= "=, 2.1)

where 17 and n, are the refractive indices of the first and latter optical medium re-
spectively. The accumulative effect of all surfaces and gradient index distribution in

the lens determine the imaging properties of the eye.

Temporal side

Sclera 0.5mm
Posterior chamber 3.3mm 3.5mm 16mm

Anterior chamber

wwig

Cornea

Optic nerve

Ciliary body
Crystalline lens
Nasal side

Figure 2.1: Schematic layout of the right eye. The values given in red depend upon
accommodation. Note, that this is a schematic of a typical adult eye and some of
values exhibit large inter-subject variability (see [19,20] for more examples).

For a better understanding of the image formation in the optical system of the eye, we
consider its characteristics more closely. Figure 2.1 presents the physiological compo-

nents and representative dimensions together with the refractive indices of the right
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eye, based on [1]. When the rays of light are entering the eye, they first hit a thin
layer of the tear-film, which has a refractive index of approximately 1.337 at 589 pum
wavelength [21]. For clarity, in this section we will use the wavelength of 589 yum for
refractive indices of other components of the eye. This thin layer of liquid (3-8 um
thick [22]) consists of three tear layers: mucus, aqueous and oil, where 98% of the
total thickness is supplied by the aqueous layer. It provides a smooth layer on the
cornea and prevents light scattering on the rough surface of the epithelial cells of the
cornea. The tear-film does not contribute significantly to the refractive power com-
pared to the rest of the optical components. However, it plays a significant role in

clear vision. We will describe it in more detail later in Chapter 4.

After the tear film, ingoing rays enter the cornea. It is defined by the anterior and
posterior surfaces. The typical central thickness is 0.55 mm with the bulk consisting
mainly of a pattern of parallel fibers, with refractive index of about 1.376 [23]. The
radius of curvature of the front surface of the cornea is not constant as it increases
toward the corneal periphery, however at the vertex it reaches the value of about 7.8
+ 0.25 mm [24]. In terms of the optical power the cornea is the strongest component of
the eye. It refracts the light with the power being around 42 dioptres (D) [1], although
this includes the power of the front and back surfaces. Figure 2.1 shows typical values
for the radii of curvatures of the corneal surfaces, to a first approximation modeled
as spheres. In reality, neither the anterior nor the posterior surfaces are perfectly
spherical due to both toricity and asphericity. Therefore, the radii of curvature do not
fully describe the shape of the cornea and its refracting properties. The asphericity is

required to estimate the aberrations for each ocular surface.

After the cornea light enters the anterior chamber with an axial depth of about 3.3 mm.
It is filled with the aqueous humor, a clear liquid, which supplies nutrition and oxy-
gen to the cornea and the lens. The aqueous humour, with a refractive index of 1.336,
also surrounds the lens and fills the vitreous body, and the amount of liquid governs
the intraocular pressure of the eye [23].

The next element in the optical system of the eye, acting like an aperture stop, is the
iris. The image of the iris in the object space is known as the entrance pupil, which
usually varies from 2 to 8 mm in diameter, although it may be artificially dilate by us-
ing parasympatholytic eye drops (such as Tropicamide, Cylcopentolate [25]). To control
the size of the pupil, the iris contains muscle fibers in two orientations: radial fibers,
which dilate the pupil and circular fibers, which decrease the pupil diameter [23].
The most important factors affecting the pupil size are the level of illumination and
age. In the case of perfect rotationally symmetric optical system, the pupil is always
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located on axis. However, the pupils of real eyes are usually decentred, often being
displaced less than 0.5 mm relative to the visual axis [26], and moreover, the center
of the pupil may be shifted up to 0.6 mm after pupil dilation in the nasal or temporal
direction [27].

Passing the opening in the iris the rays of light are refracted gradually in the crys-
talline lens. The lens is contained within a capsule, which is essentially a transparent
elastic bag attached to the ciliary body by the zonular fibers. Contraction of the cil-
iary muscle within the ciliary body leads to changes in zonular tension, which alter
the lens shape. This mechanism, so-called accommodation, allows the eye to focus on
objects at different distances [28]. Optically the crystalline lens is a biconvex, gradient
index lens with an equatorial diameter between 8.5 and 10 mm and thickness of about
3.5 mm (relaxed state, depending on the age) and the unaccommodated refractive
power of +21 D. The range of accommodation is about +15 D at birth and diminishes
during life as the lens becomes more rigid. By the age of 60 there is almost no accom-
modation left; this condition of an aging eye is called presbyopia [23].The crystalline
lens consists of onion-like layers with soft cortex around a harder nucleus. The crys-
talline lens grows throughout life as new layers are continuously added to the cortex.
The refractive index within the lens is not constant, it increases gradually from the pe-
riphery towards the core from about 1.36 to 1.41 at 555 um wavelength [29]. Together
with the iris it is the only adjustable part of the eye.

Finally the image is formed on the retina [30], which is a light sensitive tissue directly
connected to the brain (in fact the retina is an extension of the nerve fibers of the
brain). The image created on the retina is sampled by the photoreceptors organized
in hexagonal mosaic. We can divide the photoreceptors into two classes: rods and
cones. Rods are cells highly sensitive to light of any wavelength in the visible range.
The number of rods is between 110 and 125 million in the human retina with a typ-
ical diameter of 1.5 um [31]. The highest density of 160 000 per mm? (equivalent to
a centre-to-centre spacing to of about 2 um) is found at 20 degree from the fovea [32].
Cones are cells capable of color detection, but less sensitive to low intensities thus
they give us with color vision with high resolution when the luminance is sufficient.
The number of cones cells is ranged between 6.3 and 6.8 million in the retina [31].
There are three different types of cones in the eye, and these are responsible for differ-
ent spectral ranges of visible light: S-cones (short-wavelength photoreceptors, with
a spectral sensitivity highest for blue light) M-cones (green light) and L-cones (long-
wavelength photoreceptors, red light). The total amount of cone cells in the retina

is about 20 times less than rod cells. However they are mainly concentrated in the
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fovea, which is a shallow depression region in the retina with diameter of 1-2 mm,
corresponding to a visual field of about 5 degree. The center of the fovea, the foveola,
contains only cones, up to 150 000 per mm? and thus it provides the highest quality of

vision in terms of angular resolution and contrast [23].

2.1.1 Axes of Reference in the Eye

Most manufactured optical systems have rotationally symmetric components. In
cases when the reflecting and refracting surfaces are spherical and aligned centered
optical systems, there is the unique line joining the centres of curvatures of these sur-
faces, so-called the optical axis. Of course there are many different systems with, for
example, two planes of symmetry (astigmatic or toroidal components), but still we
can plot the line intersecting of these two planes thereby defining the optical axis. As
it was mentioned earlier, the eye is not a rotationally symmetric optical system thus
the optical axis is not uniquely defined. Despite the lack of symmetry, one can in-
troduce a number of axes and consider some idealized properties of the eye. We are

going to look at various axes of reference and the important cardinal points.

In 1841, Gauss demonstrated, in his famous treatise on optics, that for paraxial rays a
lens of any degree of complexity can be represented by its cardinal points: 2 principle
points and two focal points (see Fig. 2.2, case (a)). In 1845, Listing introduced the
concept of nodal points (having unit angular magnification) for his simple model of
the eye. The reason for considering the nodal points is simple; if refractive indices on
both sides of the lens are not the same then the nodal points are not coincident with

principle points (see Fig. 2.2, case (b)). This is true for the case of the human eye.

a) b)
n1 n2 n1 n2
- - — - - - = P-!I - E):l- ——————— [ 3 - - - - - - - P-!I ° —B:b-\ ——————— °
F N N FF N /N F
I’]1 = n2 I’\1 > n2

Figure 2.2: The cardinal points of the single lens: P,,P,-principal points, N,N’- nodal
points, F,F’- focal points. (a)- Gauss model with n; = n, assumption, (b)- Listing
general approach for 1y # ny.

Figure 2.3 presents the visual axis together with the idealized optical axis. The ide-
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alized optical axis is the line, which contains the centres of curvature of all optical
surfaces of the eye and passes the pupil at the center E. A real eye is not a centred
system, thus the the optical axis does not exist. However to have a reference for other
axes we can define the optical axis of the eye as the line of "best fit" through the centres
of curvature of the "best fit" spheres to each surface [1]. The visual axis connects the
fixation point P to the front nodal point N, and the rear nodal point N to the foveal
point P’. The sense of the nodal points in optical system is such that a ray entering
the front nodal point N, exits the system parallel to the incident direction through the
other nodal point N’ [33]. It can be clearly seen that this visual axis is rather theoreti-
cal in the eye, since it is not possible to define a straight line that goes through all four

points (P, N, N and P’), yet it defines the direction of fixation.

Temporal side

/Iris plane

Fixation

target Visual

axis Entrance pupil

Nasal side

Figure 2.3: The optical and visual axes of the eye. The optical axis (dashed line)
connects the centres of curvature of all optical surfaces, crossing the entrance pupil
at the midpoint (E). The visual axis contains the fixation point (P), front and the rear
nodal point (N and N’), and the foveal point (P’).

The angle between the visual axis and the optical axis is called the angle alpha (x) and
is often assumed to be about +5 degree horizontally (i.e. the fovea is shifted from the
optical axis in the temporal retina), but is usually in the range +3 to +5 degree (how-
ever, Marcos et al. measured an even wider variation, from 2 up to 7.4 degree [34]).
The visual axis is also downwards relative to the optical axis by 2-3 degree [1,35].

The pupillary axis, depicted in Figure 2.4, is defined as the line that is normal to
the cornea and passes through the center (E) of the iris and exits through the corneal
center of curvature C. If the eye was a centred optical system, the pupillary axis would

coincide with the optical axis. However in reality, the pupil is often shifted nasally
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relative to the optical axis and the front cornea may not be a regular surface. Navarro
showed that for young eyes the corneal front surface is tilted by 2 degree midway
between optical axis and line of sight [35]. Taking into account these findings it is
evident that the pupil axis lies in some other direction, and in general it does not
pass through the fixation point (P). From a point of view of ocular aberrometry and
wavefront sensing, the line of sight (LOS) is the most important axis, since it is the
preferred reference axis for analysis of the ocular aberrations. It goes from the fixation
point P to the center of entrance pupil E. In other words the LOS axis defines the centre
of the beam of light entering the eye. However it is not fixed as the pupil center may
vary due to fluctuation in the diameter of iris opening [1]. The angle between the
pupillary axis and the LOS axis is usually denoted as lambda (A). It is important to
emphasize here that angle A is sometimes confused with angle kappa («x)(see Fig. 2.4
for reference), which is the angle between pupillary and visual axes. Tabernero et al.,
based on an instrument recording reflections of light from different ocular surfaces
(Purkinje images), showed that an average value of angle kappa for a typical eye is
around 5 degree [36]. This result lies within the average range for angle kappa values
of 1.4 degree and 9 degree, reported in earlier work of Mandell [37].

Temporal side

/Iris plane

Pupilary axis

Fixation

target | ine of sight
Entrance pupil

Nasal side

Figure 2.4: The line of sight and pupillary axes of the eye. The line of sight connects
the fixation point P to the foveal point P’, going through the center of the entrance
pupil E. The pupillary axis (dashed line) is the line normal to the corneal surface,
containing the center of the entrance pupil E and the corneal center of curvature C.
The angle between the pupillary and the LOS axes is denoted as lambda (A). It also
shows the angle between the pupillary and the visual axes (solid blue line) usually
denoted as kappa (k).

The importance of estimating angle kappa arises when a combination of different
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methods is used to measure corneal and internal aberrations of the eye (e.g videok-
eratoscopes are often not aligned with the line of sight but aberrometers usually
are [38,39]). A paper published in 2002 by Salmon and Thibos emphasized this
problem with the conclusion that the misalignment between both axes (if ignored)
can significantly affect the final results of corneal and internal aberrations measure-
ments [38]. A recent study by Navarro et al. gave another measure of the eye mis-
match properties, since there is about 2.3 degree between the optical axis and the "ker-

atometric" axis which is close to the LOS axis [35].

2.2 Mathematical Models of the Eye

There has been extensive work done by many researchers on developing realistic
models of the human eye. Many scientists and optical designers showed various
approaches to this topic and a lot of theoretical models have been defined for many
of different purposes. The wide range of schematic eyes can be used for better un-
derstanding of the role of different optical components: designing of ophthalmic and
imaging instruments, simulating the refractive surgery outcomes or finding the opti-
mal optical power for intra ocular implants. Although the idea of a perfect universal
eye model is attractive, it is unlikely that such a model could be created in practice.
The problem arises from the fact that the data for a real human eye are scattered
around mean values in a broad statistical distribution. Therefore we shall develop
task-specific and customized models, which can be implemented to predict ocular
aberrations of a given subject.

The first model operating on-axis and reproducing the Gaussian properties of an av-
erage eye was the famous "No. 1" Gullstrand’s model [40]. It consists of six refractive
surfaces assumed to be spherical and centred on a common optical axis. The gradient
index structure of the crystalline lens was modeled by two concentric shells with a
different index of refraction in which the inner shell (nucleus) had a higher refractive
index than the outer shell (cortex). Using the Gullstrand model, Le Grand and El
Hage replaced the shell structure of the lens for a homogeneous index lens [41]. Al-
though this model has been accepted and widely used they concluded that using so-
called reduced eye models might be inaccurate in some cases and should be treated
as a first approximation. Other paraxial models have been developed such as Em-
sley’s reduced eye [42], Thibos’s "Indiana" model [43] or Bennett’s model [44] which
provided good prediction for some ocular aberrations. However, the main goal for all
reduced models is to describe the paraxial properties of the eye by the corresponding
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radii, axial distances and refractive indices.

Apart from rather simplistic models mentioned above some authors considered anatom-
ical characteristics of the eye more carefully. In order to create models with better
agreement with experimental data, aspheric surfaces and a crystalline lens with a

varying refractive index have been proposed.

We can divide the models with a complex lens structure into two main groups. First
group consists of schematic eyes with the lens represented by a finite number of con-
centric shells differ in index of refraction in which Gullstrand’s exact model is a first
attempt. Lotmar proposed the lens composed of seven shells with increment of re-
fractive index of 0.005 [45]. In the shell-model lens of Pomerantzeff et al. we can find
398 layers with different indices, radii of curvature and thickness [46], whereas Al-
Ahdali and El-Messiery designed an eye model consists of 300 spherical shells in the
lens 1[47]. More recent Liu et al. extended this approach incorporating 602 ellipsoidal
shells in order to achieve anatomically close schematic eye [48].

The second group constitutes eye models with a continuous distribution of refrac-
tive index, so-called gradient index (GRIN), which is usually described by a set of
equations. Such a mathematical representation of a gradient index of the lens avoids
the effect of multiple foci [49], which comes from the noncontinuous structure of the
shell lens. Several models using the idea of the GRIN lens have been created such
as: Blaker’s model [50], Smith et al. aging eye [51], Liou and Brennan’s model [29],
Goncharov’s wide-field eye model [52], and the aging eye model of Navarro and col-
leagues [53]. The shell-lens and the GRIN models are described with a more details
in the work of Smith [54].

Another factor that can specify the usage for some models is their ability to predict
ocular aberrations not only on-axis but also off-axis, the so-called field aberrations.
Wide field models are of great importance when imaging the peripheral retina. Fur-
thermore, creating off-axis capable models of the eye, one can discover more about
the origin and nature for some types of ocular aberrations. Lotmar proposed, based
on Gullstrand’s schematic eye, a model containing aspheric surfaces at the front of
the cornea and the back of the lens [45]. Lotmar’s model was able to predict astig-
matism and coma up to the visual angle of 90 degree. The work of Wang and Thi-
bos [55] suggested a way to mimic off-axis astigmatism, chromatic aberration and
spherical aberration by using a reduced-eye model with a single elliptical refracting
surface [56]. Another well-known wide-angle model is the one from Escudero-Sanz

and Navarro [57]. It was an extended version of previously proposed on-axis model
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of Navarro [58] and with similar idea to Kooijman’s wide-angle schematic eye [59].
The Escudero-Sanz and Navarro’s model using four conic surfaces and constant re-
fractive index lens gives a prediction of all monochromatic aberrations off-axis up to
60 degree in the field. Using predictions of this model, Goncharov and Dainty replaced
the lens by an adaptive GRIN lens with age-dependent shape [52]. Such a wide-field
model was used as the basis for personalized eye model [60]. Figure 2.5, presents
a schemtaic tree of eye’s models development. More detailed reviews of those and
other schematic eye models can be found in [61, 62].

EYE MODELS SCHEMATIC EYES
o ] Off-axis (wide field models)
n-axis n=const.
Shells | GRIN
( \( Kooij (Lot [ Liou-B
; ooijman otmar iou-Brennan
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Figure 2.5: Schematic tree of the development of the eye models.
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2.3 Monochromatic Aberrations of the Optical Sys-

tems

It is well-known that the perfect optical systems do not exist in real life. In other
words there is no such a system which is able to create the perfect image of an object.
There are various reasons that prevent the perfect image formation, among which we

can distinguish the most important three:

* Geometrical aberrations. The rays of light coming from a point in object space
do not come together in the same point in image space after they pass the optics
of the system. Furthermore, even if the system could give one point for incom-
ing rays it may be not exactly at the image plane in the case when the system is
ideal.

* Diffraction on the aperture stop and edges of optical elements. In this case the
ideal image of a point in the object plane is given by the diffraction pattern in
the image plane (Airy disc). The Airy pattern occurs even when the object point
is formed by an aberration-free system, so the system is diffraction limited. Very
often some information is lost due to apertures and stops in the optical setups

which may filter out some spatial frequencies.

* Scattering, which means deflection of photons by small particles within an op-
tical medium. In the eye scattering results in contrast degradation. However
the eye has several tools to fight the scattering of the light, e.g. the tear-film
on the cornea, the uveal tract (pigmented tissue consisting of iris, ciliary body
and choroid) which absorbs the scattered light. From the other hand, some eye
diseases, like cataract for instance, can significantly create new sources of light

scattering. Solving this problem is of great importance for retinal imaging qual-
ity.

We can use two mathematical tools that describe geometrical and wave-optics. These
are rays of light and waves (wavefronts). The well known today concept of geomet-
rical wavefront was firstly introduced in early work of Fermat (1667), then Malus
(1808), Hamilton (1820-30) and others. The wavefront is described as a surface of con-
stant optical path from the source (or surface that merges all points with the same
phase in the physical meaning). The surface of the wavefront is always orthogonal to

the rays from a source point [63].
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As an example of geometrical aberrations let assume that there is an optical system
with a point P in the object plane. From this point the wavefront, which is approach-
ing the optical system is a perfect sphere however after it passing the system the shape
of the wavefront is not a sphere any more. Figure 2.6 illustrates this situation where
three rays departing from an off-axis point P in the object space do not intersect the
image plane exactly at the same point. This is the appropriate place to mention the
role of stops and pupils in optical systems. Logically all stops put some limitations
within the optical systems, and more specifically the aperture stop limits the amount
of light entering the optical setup while the field stop limits the extent of the image
or, in other words, field of view (the human eye is an example of the optical system
that does not have a definite field stop). The extent of the functional retina limits the
field of view and vignetting. The aperture stop is usually physically inside an optical
system and its image in object space is called the entrance pupil EP and exit pupil
EP’ in the in image space (see Figure 2.6). It is worth noticing here that, in spite of
mutual conjugation of object and image planes, the aperture stop plane is conjugated
with both pupil planes (entrance and exit) as so entrance and exit pupils are mutually
conjugated as well. In general, pupils are good locations for deformable mirrors or
filters and the reason is that the pupil contains all the rays taking part in the image
reconstruction, whatever the field angle.

EP
1 l2
Pl—"> :
=< 1
3 T~__ %

_ —_ — —_ — T _ —_ —

Figure 2.6: A simplistic sketch of an imperfect optical system. Three rays (1,2, and 3,
which are outgoing from an object point (P), go through the entrance pupil (EP) and
the exit pupil (EP’) of the optical system. In the presence of aberration the current
wavefront (}_') is deformed and differs from the hypothetic perfect wavefront (sphere
(5)). Note, that the chief ray (the ray, that goes through the centres of (EP) and (EP’),
shown by a dashed line) indicates location of the perfect image point (P*), which is
the center of curvature for the perfect sphere (S).
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In the case of a perfect imaging system point P* would be an image of point P and
corresponding shape of wavefront would be a perfect sphere centered on P* in the
image space. Due to aberrations in the system, the rays intersect the image plane at
various points: Pj, P;, P;. The aberrated wavefront )’ (shown by the solid line) is
perpendicular to these rays. Three lengths (A1, A, A3), plotted in Figure 2.6, represent
distances between the real, aberrated wavefront Y’ and a reference sphere S with
the centre of curvature located at P*. This optical deviation of the wavefront from
a reference sphere measured along the optical path of rays is defined as wavefront
aberration W [63]. Different locations of Pj, Pj, P; from a reference point P* at the
image plane expressed as 51{ = W for (i =1, 2, 3,...) are called: transverse or

lateral aberrations of the ray.

Reconstruction of an aberration’s pattern of an optical system can be achieved by
finding the transverse ray aberration expressed as discrete optical path differences
at various locations within the pupil. To illustrate this, we shall trace a single ray
coming from an exit pupil and intersecting the image plane. Figure 2.7 depicts this
case with the reference sphere S (sphere of the constant phase) containing the center
of the exit pupil Py and with the center of curvature positioned at the point P] of the
image plane.

Figure 2.7: The geometrical aberration of the ray: transverse (€,), longitudinal (),
and angular (x,). The Z axis is the optical axis of the system. Sphere S depicts the
reference sphere with a center of curvature located at point Pj in the image plane.
The aberrated wavefront )/, deviates from the sphere S by the quantity of AB and
hence, aberrated ray comes to the image plane at different location (point P’).
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Sphere Y’ (dashed line) displays a local deviation from a reference sphere S and hence
an aberrated ray hits the image plane at different location (point P’). Because different
regions of aberrated wavefront come to focus at different locations instead of a unique
focus there is a small circle that confines all aberrated rays intersecting the paraxial
image plane. The maximum deviation at the point y;, = —¢,, gives the amount of

transverse aberration.

Assuming that the angle between an aberrated ray and the optical axis (z) is suffi-
ciently small, we can approximate its sine by the angle itself, and the cosine of the
angle by unity. The distance AB (Figure 2.7) is related to the wave aberration W(x,y).
In ophthalmology is also called wavefront aberration. In order to obtain the optical
path we multiply the distance by the refractive index n of the propagation media:

W(x,y) = ABn. (2.2)

It is assumed as well, that W(x,y) is sufficiently small and the angle &/, is also small so
using derivatives of W(x,y) with respect to y (in the pupil plane) we can express «,,

as:
—dW(x,y)

W= noy

, (2.3)

where n stands for the refractive index of the image space. This is the expression for
the angular resolution. By using Eq. 2.3, we can find two components for transverse

ray aberration:

—ROW (x,
and RSW
€ = Ray = _7@” (2.5)
noéx

where R is the radius of curvature of the reference sphere at point P). Following
Wyant [64] and Gross [33] we can also write:

€, R

(2.6)

and since €, < y, we are able to find longitudinal aberration €, which is given as:

R R% sW

— 2.7)
y y  ndy

Analytical expression for transverse and longitudinal aberration of the ray allow us

to find some useful tools for representing the aberration function. For example, if
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the exit pupil coordinates are expressed in normalized coordinates such that (x? +
y?)1/2 =1 at the edge of the exit pupil, the transverse and longitudinal aberrations
can be easily written as:

R 6W
and )
R W

where h represents the geometrical pupil radius. Using Eq. 2.8 and Eq. 2.9, we can
easily calculate transverse and longitudinal aberration from wavefront aberration W,
which is usually measured by a wavefront sensor. Furthermore, knowing the posi-
tion of each ray, in a given coordinate system, we can simply obtain a graphical rep-
resentation of the aberration function such as ray-intercept curves or spot diagrams.
Describing the geometrical image quality by lateral aberrations or spot diagrams is
commonly used method for aberrated system with resolution far from the diffraction
limit [33]. It is also possible to calculate the wavefront aberration based on the trans-
verse ray aberration. As long as we know €, and €, as functions of x and y for some
locus across the reference sphere, for instance, from A to B, then from Eq. 2.4 and
Eqg. 2.5, we can write:

B
%(WB —Wy) = —/A {exdx + €40y}, (2.10)

where the path of integration is from A to B. Measuring the wavefront aberration
W(x,y) is the method of choice for describing the image quality of good optical system
(close to diffraction limit). More detailed description of geometrical and wavefront
aberrations can be found here [63,65].

2.3.1 Polynomial Representation of Aberrations

Following our discussion of finding the aberration of a single ray or wavefront aber-
ration, we shall consider now other methods describing different types of aberrations,
which may occur in an optical system. Let us assume a ray coming from point P in the
exit pupil to the point P” at the image plane (see Figure 2.8). As we showed earlier the
wavefront aberration depends on the pupil coordinates (x,y) or in polar system. Be-
cause we are still describing wavefront aberration in a rotationally symmetric optical
system, W(x,y) or W(p,0) has to be invariant to rotation. To fulfill this condition, we

shall find all combinations of the pupil and image space coordinates that are rotation
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invariant. Such combinations are:
Pyt yy, () + () (2.11)

Using the rotational symmetry of the system we need to consider only image points
along the y' axis. To do so, we set ' = 0 and our wavefront aberration is now a
function of:

W=W( 4y wy', (v)?): (2.12)

From Figure 2.8, one can see that it is convenient to specify the pupil coordinates by
polar coordinates (p,0), where:

0=x>+1? and tanf = ; (2.13)
x = psinf and  y=pcosb, (2.14)
and therefore we can re-write Eq. 2.12 as:

W =W (p?, oy cosb, (y')?). (2.15)

Figure 2.8: Polar coordinates in the exit pupil. The Z axis is the optical axis of the sys-
tem. A single ray intersects the exit pupil plane at point P(x,y) and hits point P’(x",y’)
in the image plane. Quantities denoted as €, and €, are components for transverse
ray aberration.

Now using these three variables from Eq. 2.15, for a point P(p,0) at the pupil plane
and a point P’(x/,y’) at the imaging plane (assuming x’ = 0) we are able to express
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the aberration function as:

W(p?,py' cosb, (y')?) = A(y')’pcosb
+B(y')%0"
+ C(y')*0*cos* 0
+ Dy’ 0% cosf
+ Ep* (2.16)

These five components are called primary aberrations or Seidel aberrations as a trib-
ute to German mathematician, who gave an explicit formula for calculating wave-
front distortions from paraxial ray-tracing parameters. Coefficients A, B, C, D, and E
(also called Seidel’s coefficients) depend only on the optical system parameters such
as radii of curvature of refracting surfaces, refractive indices, and the positions of the
aperture stop. As the primary aberrations are usually dominant factors that limit the
image quality, we shall focus on their properties. In the following section we shall
describe these primary aberrations in more detail.

2.3.2 Primary Distortion

Distortion appears in Eq. 2.16 with the coefficient (A # 0) and it is clear to see that it
varies as the cube of the field angle. Figure 2.9 shows influence of the distortion of an
object and the corresponding aberrated wavefront.

Distortion aberration is the aberration of the chief ray i.e. the ray, which goes from
the edge of an object and passes through the center of an aperture. Therefore the dis-
tortion is strongly dependent on the location of the aperture in an optical system. For
systems suffering from distortion, an object point is imaged as a point, but displaced
with respect to Gaussian image point P* of an ideal system. Therefore as a wavefront
aberration, distortion results from the actual wavefront being formed tilted with re-
spect to a perfect reference sphere. The quality of the image is not affected in presence
of the distortion, however the image scale is deformed across the image field.

In the Seidel approximation, one has the positive (pincushion) distortion or nega-
tive (barrel) distortion as shown on Fig. 2.9. Optical systems with corrected distor-
tion term are called orthoscopic. In a simple case shown in Figure 2.9, we introduce
barrel-shape distortion whereas the pincushion type appears when the stop aperture
is placed between the lens and image plane. The chief ray (showed as dashed line),
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Figure 2.9: Illustration of the effect of image distortion. I) Sketch of distortion rays
aberration. The chief ray (dashed line) represents the case, when the lens is located in
the same plane as an aperture stop (dashed line). Such arrangement resulted in the
chief ray crosses the lens in its center and hits a Gaussian image point P*, II) Distortion
wave aberration, III) An image of the rectangular grid: (Gaussian image) unaberrated
image (A) barrel distortion (B) pincushion distortion.

shows the case when the lens lies in the same location as an aperture stop. In such
arrangement the chief ray runs through the centre of the lens and hence the amount
of distortion is equal to zero.

2.3.3 Primary Field Curvature

Field curvature as it appears in Eq. 2.16 is given by:

W = B(y)?0%. (2.17)

It varies as a quadratic function of field position (y')2. For an optical system with

nothing but field curvature aberration, all the rays going from different object’s points,
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form the image on a curved surface, different from the Gaussian image plane. In the
Seidel theorem, the image field can be described as a sphere with a radius Ry.. This
curved surface is called the Petzval surface [66]. The curvature of the Petzval sphere
can be expressed as:
1  4R°B
Ro = n

(2.18)

Figure 2.10 presents a sketch of the system suffering from field curvature and corre-
sponding shape of the aberrated wavefront. The systems with improved field flat-
ness are basically begin with term "plan" e.g. plan-achromat. Obviously the human
eye does not belong to "plan" systems, but the best image surface is quite close to the

retinal surface.
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Figure 2.10: Field curvature aberration. I) Rays patch in the presence of field cur-
vature. Object plane points P; — P, are imaged by the optical system on the curved
surface in the image plane (points P; — P;), II) Field curvature wavefront shape.

2.3.4 Primary Astigmatism

Primary astigmatism grows quadratically with the field size y’, and the wavefront
shape is given by:
W = C(y')*p? cos? 6. (2.19)

Usually astigmatism and field curvature are grouped together; however here we de-
scribe this term separately. Astigmatism occurs in optical systems when there is dif-
ference in optical power between the plane passing through an object point P and
optical axis (meridional or tangential plane) and the plane which is perpendicular to

it (sagittal plane). Tangential plane and sagittal plane are constituted by tangential
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TR and sagittal SR rays consecutively.

1)

Figure 2.11: Astigmatism aberration. I) Off-axis astigmatism as the ray aberration.
The beam of light, characterized by the tangential TR and sagittal SR rays, is prop-
agating through the lens L from an initial point P. After it appears elliptically, the
beam is transformed into a line TF called tangential focus and next into a line SF,
called sagittal focus. Between the two focal lines TF and TS, the beam is re-formed
into a circular shape D called the disc of least confusion. II) Astigmatism aberration
wavefront.

Figure 2.11 depicts astigmatism caused by oblique light propagation through the lens
L. The circular beam of light is transformed into elliptical shape and then into a line
called tangential focus TF. Next, the beam is re-shaping into a, so-called, disc of least
confusion D and then again, it is focused into a line perpendicular to TF and called
sagittal focus SF. After the sagittal focus line the beam shape is elliptical again. The
two lines are called astigmatic focal lines and in fact are at the centres of curvature
of the wavefront for the x'— and y’— meridians [63]. It is important to note that the
sagittal focal line lies in tangential plane and tangential focal line lies in sagittal plane.
The distance t between two focal lines is often taken as a value of astigmatism and
following [63] we can write:

_ 2R C(y')?

n

t (2.20)

From Eq. 2.20 it is clearly seen that if ' — 0 then both focal lines coincide in one
point, so that the system is free from astigmatism, which is in line with the principle

(no astigmatism on-axis). Usually the disc of least confusion (circular shape, D in
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Fig. 2.11) lies halfway between radial and tangential focal lines and we are able to
calculate its diameter as: o
o WP -

where h is the pupil radius.

2.3.5 Primary coma

The coma aberration occurs due to variation of the focal length within different zones

in the pupil.

1)

Figure 2.12: Coma aberration. I) Sketch of the coma aberration of object point P lo-
cated off-axis with a distance y. Single ring of coma contains all rays that intersect the
exit pupil EP’ with the same distance p from the optical axis. Note: €, and €, are de-
noted as coma transverse ray aberrations, whereas P* and P’ are the Gaussian image
point and aberrated image point respectively. II) Coma aberration wavefront.

The coma aberration depends linearly on field angle w, an expression which charac-
terizes it can be given as:
W = Dy/p°cosé. (2.22)

Following [63] we can find the transverse ray aberrations:
— Ry (2 4+ 20526 2.23
€y =—— Y'p"(2+ 2cos26) (2.23)

and R
€ = %Dy’pz sin26 (2.24)
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It is clear to see that if y = 0 then €, = €, = 0 and hence the coma aberration is absent
on-axis. Based on Eq. 2.24 we are able to draw a sketch for an aberrated image of the
object point. Figure 2.12 presents typical "comet" shape of the point spread function in
the presence of only pure coma aberration in the system.

When the object point P is located on the axis y, then the coma is a collection of differ-
ent sized rings located along an axis y” of the Gaussian image plane. A single "coma"
circle is composed by a bunch of rays outgoing from the object point P, and cross-
ing an exit pupil EP” with the same distance p from an optical axis. The focal length
for these rays is the same, but different from other annular zones. Collection of all
rings for given y distance, but different p values, contained in a cone with an angle of

60 degree is called coma aberration.

2.3.6 Primary Spherical Aberration

Spherical aberration (SA) usually occurs in optical systems after refraction or reflec-
tion from the spherical surface, which explains the name of the aberration. The reason
is that the back focal distance is different for different ray heights. For a simple pos-
itive single lens, the back focal distance of the marginal rays is shorter than the back
focal distance of the paraxial ray. This type of optical imperfection represents pupil-
dependant aberration as it is not depend on field position y” of the object point (it is
the only Seidel aberration which is a field independent term). The wavefront shape

for the primary spherical aberration is given by:
W = Ep* (2.25)

Figure 2.13 shows bundle of rays going from the object point P to the image point P in
the meridional cross-section (f = 0). The Gaussian image point P* may be found then
by two paraxial rays denoted as 1a and 24 at the paraxial (Gaussian) focal plane. The
longitudinal spherical aberration A, indicates how much the image point is spread
along the optical axis, whereas the linear size of the point spread in the paraxial fo-
cal plane (perpendicular to the optical axis) is indicated by A, and it is called the
transverse spherical aberration. For a simple case (third-order SA) A, is proportional
to the pupil coordinate of the incident ray (radial distance p from the optical axis.
Figure 2.13 presents the longitudinal SA as a function of the pupil radius p. Tradition-
ally, primary spherical aberration is characterized for axial image point; however it

appears everywhere in the field, and has the same magnitude (by definition).
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”) AW

Figure 2.13: Spherical aberration. I) Sketch of the ray paths in the presence of spher-
ical aberration in a meridional plane result in transversal and longitudinal spherical
aberration. Two paraxial rays denoted as 1a and 2a are converging in the Gausian
image point P*. The longitudinal spherical aberration A, indicates how much the
image point is spread along the optical axis, whereas the transverse spherical aberra-
tion A, gives the linear size of point spread in the perpendicular plane. II) Spherical
aberration wavefront shape.

For example a single lens with two spherical surfaces (71, o) made of glass with a
refractive index n and placed in air is always affected by the spherical aberrations.
However, the amount of spherical aberration will reach the minimum if ratio between
two radii of curvature from two spherical surfaces undergo an expression written

below: (214 1)
rn n(2n
e 2.26
r 2n?—n-—4 (2.26)
A classical example of compound lens with corrected spherical aberration is a dou-
blet. All groups of aplanatic lenses are free from coma and spherical aberration, the

eye is not the case. A paraboloidal mirror is also free from spherical aberration.
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2.3.7 Secondary Aberrations and Seidel Series

The Seidel aberrations, or primary aberrations, are just a first step in describing aber-
rations of the system with rotational symmetry. Based on the same assumptions as in
the case of Seidel (x = 0) we can derive higher-order aberration function [67]:

W(p?, 0y cosb, (y')?) = Fy’pcosf
+ Gyip?
+ Hy4p2 cos? 0
+1 y3p3 cos®
+ %o
+ Ky®p> cos’ 0
+ Ly2p4 cos? 6
+ M]/p5 cost
+ Np®. (2.27)

Similarly to Eq. 2.16, from Eq. 2.27 we can derive a few new terms describing higher-
order aberrations. All coefficients in Eq. 2.27 (from F to N) are called Schwarzschild
coefficients and represent secondary (or Schwarzschild) aberration theory. However,
the five first terms (F - J) have the same shapes as the Seidel primary aberrations, but
then there are four other terms (K-N) representing new families of wavefront shapes.
We shall not go into details with Schwarzschild aberration function, although short
description of new terms will be given. The sixth term with the K coefficient rep-
resents the arrow aberration with a form of p®cos®6, which takes its name from a
shape of the aberrated point spread function (PSF). The other three terms with L, M
and N coefficients, called the secondary astigmatism, the secondary coma and the
secondary spherical aberration respectively, exist as higher-order aberrations of their
counterparts in the Seidel aberrations. Therefore these of higher-order aberrations
have similar effects on imaging and their origin is related to their Seidel counterparts.
The importance of the classical aberrations of Seidel and Schwarzschild is that they
can be extended to a set of infinite series that is reduced to a pupil component for a
given field position y’. This set of basis functions, called Seidel series, can be intro-
duced as:

Si(p,0) =S (p,0) =p"cos™ 6 (2.28)
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Table 2.1: Primary and secondary aberrations [67].

i n m Seidel Series Classical Aberration Aberration Name

0 0 0 1

1 1 1 pcosh Seidel distortion

2 2 0 p? Seidel field curvature

3 2 2 p?cos?d Seidel astigmatism

4 3 1 p3cosh Seidel coma

5 3 3 p3cos’d Schwarzschild arrow

6 4 0 p* Seidel spherical aberration

7 4 2 p*cos’d Schwarzschild secondary astigmatism
8 4 4 p*costo

9 5 1 p°cosf Schwarzschild secondary coma

10 5 3 pdcos®d

11 5 5 pdcos’d

12 6 0 p° Schwarzschild secondary sphr. aberration
13 6 2 p°cos?d

14 6 4 p°costo

15 6 6 p°cos®d

where i orders the series, n stands for radial degree and m represents the azimuthal

frequency. Table 2.1 presents the Seidel series up to the sixth order.

2.3.8 Zernike Power Series and the RMS Wavefront Error

The ocular aberrations may be decomposed into a number of basic shapes of sphere,
cylinder, spherical aberration and coma-like as:

W(p,0) =) aiFi(p,0), (2.29)
i=0

where g; is the expansion coefficient of the i-th basis function F;. Thus, a mathematical
representation is convenient especially in the ocular aberrations case as those compo-
nents are commonly occurring in the eye. In this work we shall use Zernike polynomi-
als set (complete derivation in [65]), which nowadays is a standard for reconstruction
of an aberrated wavefront in the eye [68]. These polynomials,introduced by the Dutch
scientist Fritz Zernike in 1934 (also Nobel prize laureate for the invention of phase-

contrast microscope in 1953), can be applied to describe mathematically wavefront
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deviation from a reference sphere. Each polynomial describes specific deformation of

the surface; their combined sum can produce a large number of more complex surface

shapes.
1) \
y . .
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Figure 2.14: Deviation of the wavefront by using of Zernike polynomials. I) A radial
point height p in the unit-radius circle and its angular circle coordinate 6, in the pupil
plane of an eye, in which the wavefront is evaluated II) Reference sphere and zero
mean circle for selected Zernike terms. On the right, wavefront deviations of a three
chosen Zernike modes, shown as topography or phase maps.

There are several features of the Zernike polynomial that make them particularly use-
ful. First of all Zernike polynomials define deviations from zero mean as a function
of the radial point height p in the unit circle and its angular circle coordinate 6, which
are located in the pupil, in which the wavefront form is evaluated (See case (I) in
Fig. 2.14). The p and 6 values, of each polynomial, change independently one from
another, and hence polynomials are orthogonal over the circle of unit radius. Due to
this property, these aberration forms are called orthogonal, or Zernike aberrations. In
addition, they exhibit few very useful properties such as: the truncation or lengthen-
ing of an expansion of the ocular aberration of any eye does not change the remaining
coefficients.

Secondly, in order to give a minimum variance across the pupil, the Zernike terms
represent balanced aberrations. It means, that given aberration term is mixed with
one or more lower-order aberrations in order to reduce its variance (note, that the
Strehl ratio is higher for a smaller aberration variance). For a wavefront, zero mean

is defined as a surface for which the sum of wavefront deviations to either side is
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zero (that is important conceptual difference vs. standard wavefront error, which ex-
presses deviations from reference sphere). Hence the polynomial, which is a product
of its radial variable in p and angular variable in 6, has zero value at the intersec-
tion of the wavefront and its zero mean (See case (II) in Fig. 2.14). Zero mean differs
from reference sphere for balanced primary spherical aberration and defocus, while

coinciding with the reference sphere for balanced primary astigmatism and coma.

Another useful property is, because each polynomial represents its standard devi-
ation in the Zernike expansion, the sum of the squares of the coefficients gives the
variance of the wavefront deviation. Finally the Zernike terms are related to the clas-
sical Seidel aberrations (which are not balanced) used to describe optical aberrations.
For a given surface W(p,6) a complete mathematical description is provided by fol-
lowing [69], where A, and B, are the Zernike coefficients:

W(p,0) = Ao+ Y AwR)(p) + Y Y RI[Aumcos(mb) + Buysin(md)].  (2.30)
n=2 n=1m=1

The radial dependence of the Zernike polynomials is given by the following expres-

sion: -y
n—m)/2
(=1)°(n—s)! -
R™ = n=es, 2.31
e e T 30

The variables n and m are integer values and are known as the radial and azimuthal
wave number, respectively. Using these radial polynomial, the coordinates have to
be normalized so that the radius of the pupil is unity. Born and Wolf [65] define the
Zernike polynomials as:

211 (p,8) = R (p) cos(mb), 232)

and
Z;(p,0) = Rl (p)sin(mo), 2.33)

using two indexes for every polynomial, referred to as the radial order n and angu-
lar order m. Throughout this thesis, we shall use the double index of Born and Wolf’s
notation c(m,n) for the Zernike aberration coefficients and Z(m,n) for the Zernike aber-

ration polynomials.

The first 20 Zernike polynomials are shown in Figure 2.15. The zero radial and first
radial order have no relevance for the aberrations in the eye. It is related to the fact,
mentioned already, that the optical axis is not easy to define in the eye because the
cornea and lens are not aligned and therefore, the line of sight is usually taken as the
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Figure 2.15: Representation of the first 20 Zernike polynomials as they appear in the
pupil. Born and Wolf notation.

reference axis of the eye. Due to lack of rotational symmetry and the fact that the eye
is very difficult to align, the y-tilt Z(-1,1) and x-tilt Z(1,1) terms, are usually removed
from reconstructed wavefronts. Second-order terms correspond to the refractive er-
rors (sphere and cylinder); these terms will be referred to as "lower-order" aberrations.
It is important to point out that there are higher-order polynomials, which also con-
tain lower-order term (defocus and astigmatism). This is due to balanced nature of
Zernike polynomials. The 3'%, 4/ and 5! row maps represent "higher-order" aberra-
tions and some terms are similar to the Seidel aberrations coma and spherical aberra-
tion. However, because of lack of rotational symmetry in the eye, there are many other
terms (with sinf, sin36, cos 36, and so on) that have no Seidel counterparts. Practically,
in the expansion of the wavefront, every polynomial has a coefficient c(m,n), which
represents the weight of that polynomial in the wavefront. Thus Zernike coefficients
and Zernike polynomials can describe any continuous wave aberration function over

a circular pupil as:
W(p,0) =) ci'Zy(p.0). (2.34)
mn

And again, keeping in mind that each coefficient ¢} brings standard deviation value
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of its corresponding aberration term and based on [23] we can write simple expres-

Y (em)?,

mn

sion:

Ap = (2.35)
where A¢ is known as the RMS wavefront error. The quantity of the RMS error indi-
cates how much a wavefront fluctuates and thanks to the orthogonality of the poly-
nomials it can be calculated as a whole, or as groups, for example only for the higher-
or lower-order terms. Table 2.2 presents first 20 Zernike polynomial terms up to 5"

order .

Table 2.2: Zernike polynomial terms up to and including the 5 radial order [67].

i n m Zernike Polynomial Aberration name

0 0 0 1 Piston

1 1 -1 2psinf Vertical tilt

2 1 1 2pcosb Horizontal tilt

3 2 -2 /6p*sin20 Diagonal astigmatism (£45°)

4 2 0 3(20%-1) Defocus

5 2 2  /6p?cos28 Horizontal astigmatism (0° or 90°)
6 3 -3 \/§p3 sin 30 Vertical trefoil coma

7 3 -1 /8(30%—2p)sind Vertical coma

8 3 1 /8(30®—2p)cost Horizontal coma

9 3 3 /803cos30 Horizontal trefoil coma

10 4 -4 \/Ep‘L sin40 Vertical quadrafoil

11 4 -2 /10(4p* — 30%)sin26 Secondary diagonal astigmatism
12 4 0 /5(6p*—6p%>+1) Spherical Aberration

13 4 2 /10(4p* —3p%)cos28 Secondary horizontal astigmatism
14 4 4 /10p*cos4 Horizontal quadrafoil

15 5 -5 2ﬁp5 sin50 Vertical quantifoil

16 5 -3 2v3(50° —40%)sin36 Secondary diagonal trefoil coma
17 5 -1 2v/3(100° —120% 4+ 3p)sin30  Secondary vertical coma

18 5 1 2v/3(10p° — 120% +3p)cos38 Secondary horizontal coma

19 5 3  2v3(50° —4p3)cos36 Secondary horizontal trefoil coma
20 5 5 2v/3p°cos56 Horizontal quantifoil
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2.4 Measures of the Quality of Optical Systems

As we know aberrations can affect the quality of the image and in the real world
there is no such thing as an aberration-free optical system. There are several optical
metrics to measure the quality of optical performance of the system. Before we start
reviewing on the quality evaluation methods it would be appropriate to say a few
words about so-called diffraction limited image quality.

Diffraction

Due to diffraction on finite aperture, light from an object point is never converging
to the corresponding image point. The actual image of a point source formed by a
perfect optical system is blurred. The only one factor here limiting the quality of
the image is diffraction and hence provides the reference for the best image quality
achievable. Diffraction comes from the wave nature of light and occurs at the bound-
ary of obstacles (aperture) in the light path that alter the amplitude and phase of an
incident wavefront. The diffraction influences an image of a point source in such
way that instead of perfect point, there is a bright central disc surrounded by a num-
ber of concentric rings. The result of diffraction depends, among others factors, on
the shape and the size of the entrance pupil, however here we are dealing only with
circular pupils (or elliptical for small off-axis angles). For an aberration-free system
the central disc is known as the Airy disc, which contains about 84 percent of the en-
ergy [69]. The diameter 2R of the Airy disc represents the smallest blur diameter that
an optical system can produce and is given by:

2R = 2.44Ai, (2.36)
D

where f is the focal length, D is the pupil diameter and f/D is a measure of the light
collecting properties of an optical system (f-number). The smallest blur that the opti-
cal system produces is one of the most important property of its quality performance.
This ability of an optical system to distinguish details in the image it produces is called
angular resolution. Figure 2.16 presents a sketch of the angular diameter ¥ for two
of object points A and B. It is assumed, that the eye can distinguish both points sep-
arately if the light intensity along the line, connecting the two central points of Airy
discs, has a minimum where the light intensity does not exceed 0.735 of the maximum
value. The above condition is true when the central peak of one image falls upon the
first minimum of the other image. Using equation 2.36 we can derive an expression
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Figure 2.16: Angular diameter ¢ of the two object points A and B is equal to the
angular resolution of the eye. Following Rayleigh criterion, images of two points
(A,B for instance) can be detect separately if the central point of an Airy’s disc of one
point falls upon an edge of the Airy’s disc of the latter.

for angular resolution A0 known as the Rayleigh criterion in radians as:

A
=122— 2.37
AD =122 D’ (2.37)

For example, for an aberration-free eye of a 3mm diameter pupil size and a wave-
length of 550 um, a point-like object placed at infinity is imaged on the retina as an
Airy disc of 4 um radius or 46 arc seconds radius [16].

Point Spread Function

The intensity distribution, treated as the response of the system to a point source at
infinity, is commonly called the intensity point spread function (PSF) and its shape
indicates the image quality [70]. Aberrations of any optical system change the shape
and size of PSF, which degrades the image quality. The effects of aberrations can
therefore be characterized by calculating the PSF of the optical system. We can de-
fined it following [70], as:

2
, (2.38)

1 21
PSF(x,y) = )\ZdzAp) ’FT{p(x,y) e ' W(’"y)} PR
where FT is the Fourier transform operator, d is the distance from the exit pupil to the
image, Ay is the area of the exit pupil, p(x,y) defines shape, size, and transmission of
the exit pupil, exp(—i(27t/A)W(x,y)) accounts for the phase deviations of the wave-
front from a reference sphere, and finally W(x,y) is the wavefront aberration function
at the exit pupil.

Following the Rayleigh resolution criterion, it is easy to capture, that the width of
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Figure 2.17: Variation in the width of the PSF as a function of pupil diameter, for a
diffraction-limited eye and wavelength of 550 nm [71]. The width of the PSF decreases
with an increasing of a pupil diameter and hence increases the resolution.

the diffraction-limited intensity PSF is effectively equal to the distance between the
central peak of one image and the first minimum of the other image, described above.
Here we can write:

PSFEyiam = 1.2221];, (2.39)
where A is the wavelength, f is the focal length, 1 is refractive index and D is the pupil
diameter. It is easy to see, that for a fixed wavelength increasing the pupil diameter,
the PSF is getting narrower and the resolution is getting higher. This is illustrated
in Figure 2.17 [71]. For a wavelength of 550 nm, in order to resolving the cone pho-
toreceptors (separated by around 2 um at the fovea [72]) the pupil diameter needs to
be greater than around 5.5 mm. Nevertheless, the study of Liang and Williams has
shown, that the eye reaches the diffraction limit for a pupil diameter of around 3 mm,
but beyond this image quality is degraded by aberrations [9].

Strehl Ratio

We have already stated that the PSF of a diffraction-limited optical system (Airy pat-
tern) can represent the irradiance of an optical system. However, the appearance even
of a small amount of aberrations redistributes the energy lowering the central inten-
sity of the PSF and thus degrades the image quality. Here we can implement another
metric called a Strehl ratio [65-67], which is defined as the ratio between the normal-

ized peak intensity of the actual PSF to that of the perfect PSF (aberration-free). An
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approximate value of the Strehl ratio can be expressed as:

S= exp(—(%Zrt)z), (2.40)

where A¢ (the RMS wavefront error) and A are expressed in microns [73,74]. For
the image quality assessment there is the Strehl or Maréchal criterion saying, that
the Strehl ratio has to be greater than 0.8, which is then equivalent to the condition
that the RMS wavefront error is less than A/14. An optical system that fulfils this
condition is referred to as effectively diffraction limited. For small aberrations the
RMS wavefront error can be directly related to image quality using the Strehl ratio
(see Eq. 2.40). However, for human eyes, the Strehl ratio is usually so low that a

satisfactory correlation with visual performance is rather difficult to achieve.

Modulation Transfer Function

Another common measure of image quality is the modulation transfer function MTF,
which describes how well an optical system transfers spatial frequencies (note: a

point object contains an infinite number of spatial frequencies).

Modulation Transfer

0 Lo v 0w v v b i b L

0 10 20 30 40 50
Spatial Frequency (c/deg)

Figure 2.18: Example of modulation transfer function (MTF) of the human eye as
a function of retinal eccentricity. MTFs at different field angles for a 3 mm pupil.
The position of focus is that corresponding to the circle of least confusion, with no
correction for oblique astigmatism. Figure taken from [75].
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In the case of a human eye, increasing amount of ocular aberrations lowers the MTF,
especially for large pupil diameters [9,76]. It was also reported, that the MTF sig-
nificantly drop its value as retinal eccentricity increases [75]. Figure 2.18 shows an
example of MTF as a function of retinal eccentricity for a 3 mm pupil [75]. Mathe-
matically, the Fourier transform of the PSF is the optical transfer function OTF, the
amplitude of which is the MTF.

MTF = |OTF| = |FT{PSF}|. (2.41)

The number of different metrics for analysis of image quality is large, but the PSF,
Strehl ratio and the MTF are commonly used to predict the outcome of an optical

correction.

2.4.1 Ocular Aberrations in the Human Eye

Here we treat the eye as a finite optical system and, as we have already mentioned,
the ideal case of any optical system does not exist in real world. When the image of
a distant object is focused on the retinal fovea (with relaxed accommodation state),
the eye is emmetropic. However, more frequently the eye is likely to produce an
image either before the retina (myopic case, very common in young population) or
after the retina (hyperopic case) and thus, the defocus error is developed within the
eye. The axial length of the eyeball may play a significant role as it is postulated, that
myopic eyes are longer compared to hyperopic eyes [77]. A second factor, that may
move the image away from the retina, comes from difference in refractive power of
the eye, which is too low or to high for hyperopic and myopic eyes respectively. An-
other type of refractive error (also denoted as lower-order aberration term in Zernike
expansion), is astigmatism, which results in two foci lines due to different refractive
power in two, mutually perpendicular, meridians. The astigmatism refraction error,
so-called, "with the rule" astigmatism, arises when the vertical meridian of the corneal
surface is steeper (i.e. with more optical power). It has been determined that this type
of astigmatism is likely to appear in young population eyes [78]. In the latter case,
when the horizontal meridian is more powerful, it is called "against the rule" astigma-
tism [23,77]. These two types of basic but very common optical defects (sphere and
cylinder), are represented by the lower-order Zernike terms, i.e. Z(2,0), Z(2,-2) and
Z(2,2). Fortunately these errors can be easily corrected by including an appropriately
selected lens with sufficient amount of spherical and/or cylindrical components.

41



Chapter 2. Background for the Study

Because the optical setup of the eye consists of different components, we can distin-
guish a few sources of ocular aberrations. One of the recent findings in physiological
optics is that, some optical elements of the eye are balanced to produce an optimal
improved image on the retina. A very robust example of this mutual adjustment is
the balance between the contributions of the cornea and the internal optics of the eye.
As we have already mentioned, the cornea, due to its toricity, is the main source for
astigmatism which for the population average, reaches the value of slightly below
of 0.5 D [79]. However this is the value of residual astigmatism, since the corneal
astigmatism is partially compensated by internal optics of the eye. The work of Kelly
et al. showed strong evidence of corneal astigmatism 0 or 90 degree (Z(2,2) Zernike
term) to be compensated by internal optics of the eye up to 41 percent [80], which
is in line with previous findings by Artal and colleagues [81]. Here we shall keep
in mind that the corneal astigmatism is not classical astigmatism, since the origin of
classical astigmatism comes from the field dependency of this aberration term in ro-
tationally symmetric optical systems. In 2009 Espinosa and Kasprzak came up with
the hypothesis that the corneal astigmatism may play role in compensating the field-
dependent astigmatism. Using a theoretical Kooijman eye model [59] for simulating
of the oblique light incidence, they found the total astigmatism to be minimal for two
points at both sides of the optical axis at &= 4.8 degree [78]. It is worth noticing, that
previous findings stated only for one minimum at the nasal side visual field [82,83].

Spherical aberration arises from a sphericity of surfaces of the optical components of
the eye. Just because of optical design of the eye, it can be easily seen that the cornea
and the lens contribute the most to the total amount of spherical aberration. Im-
portant work of El Hage and Berny, done in 1973, has shown that, the crystalline lens
serves as a compensatory element for corneal spherical aberration [84]. This is in good
agreement with later work of Artal et al.(2001), where for young and healthy eyes,
corneal aberrations were neutralized by immersing the eye in saline [81]. Another
work by Kelly and colleagues (2004) confirmed again balancing role of the young
crystalline lens on corneal spherical aberration (over 40 percent reduction), giving an
average value of 0.114 um Zernike spherical aberration coefficient (for 6 mm pupil di-
ameter) for 30 young subjects [80]. Although the balancing mechanism works prop-
erly for most of young eyes, this may be interrupted by change in the lens shape and
gradient index distribution as the crystalline lens changes with both age and accom-
modation. Effect of aging on the spherical aberration and other terms from higher-
order group has been also well studied. The conclusion that combines the work of
various authors is that spherical aberration increased significantly with age with shift
towards more positive values, and there is non-negligible increase of other higher-
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order aberration terms [85-87]. The influence of accommodation on higher-order
aberrations in the eye has also been investigated. The results showed tendency of
spherical aberration to change its sign from positive to negative during accommoda-
tion, whereas some other aberration terms like astigmatism and coma, demonstrated

variable direction of change with accommodation [88, 89].

Some ocular aberrations appear in the eye because of decentration or/and tilt of some
optical elements like pupil, surfaces of the cornea and crystalline lens. This misalign-
ment of the optical components results, for example, in presence of coma aberration.
This term, consists of two components Z(3,-1) and Z(3,1) in Zernike polynomial no-
tation, classically appearing when the rays of light come from off-axis positions en-
tering the eye. Because of mutual decentration of the pupil and the crystalline lens,
the optics of the eye cumulate an additional amount of coma, which dominates on-
axis in order to compensate for off-axis coma contribution. Artal and colleagues pre-
sented a good compensation effect on corneal coma by the internal coma component.
They stated, that the pupil decentration may play a significant role in coma balanc-
ing [81]. The work of Kelly et al., shows the same tendency but only for a vertical
coma component (Z(3,-1) [80]. Such an existence of apparent fine tuning mechanism
for some aberration terms, proposed by Kelly [80], has led number of authors to per-
form measurements of misalignments quantity of the eye’s optical components. In
2006 Rosales and Marcos, using the Purkinje imaging optical setup, presented some
results for the crystalline lens tilt and decentration based on 17 normal eyes from
young population [90]. They found the lens to be tilted from -1.13 to +2.8 degree hor-
izontally, and from about -1 to 2.58 degree vertically with mirror-symmetric tendency
of the lens tilt in left and right eye of the same subject. Beyond that, some data on
the lens decentrations has been introduced as well, showing the average horizontal
decentration ranged from 0.09 to 0.45 mm and vertical decentration being between
0.09 and -0.22 mm [90]. In other recent work, Tabernero et al., based on experimental
data from 18 young and healthy subjects, found the lens decentration, with respect
to the entrance pupil center, to be around 0.13 mm without any significant trend in
orientation [91]. Moreover, the authors concluded with an idea of the eye acting like
an aplanatic system where, for instance, the angle kappa (x) compensates horizontal

coma which is produced by the horizontal tilt of the crystalline lens.

Many researchers studied the optical effect of a pre-corneal tear film variation. It
is well known, that this thin layer of tear liquid smoothes the corneal surface mini-
mizing the light scattering effect, but on the other hand wavefront aberration mea-
surements are affected by its quality. The tear film may vary due to different factors

43



Chapter 2. Background for the Study

such as: (2) normal physiology: diurnal fluctuations, menstruation, potentially diet,
(b) environment : air-conditioning, air-pollution, contact lens wear and (c) patholog-
ical conditions: dry eye, medications. Hence, the optical effect of the tear film on
vision is of great interest for eye modeling, corneal topography and eye aberrometry
in general. In early work by Smirnov (1961), it was suggested, that the tear film may
play a non negligible role for the inter-subject variability in the measurements of oc-
ular wavefront aberrations [92]. Other work of Tutt et al.(2000) [93], where objective
method for assessment of the retinal image quality was implemented, clearly showed
the relation between the tear film break-up and image quality degradation [93]. Pre-
cise measurements of the tear film dynamics have recently been achieved. A number
of studies, where different tear film metrology techniques were involved, seem to
confirm previous findings with a strong evidence of the effect of the changes in tear
topography on the optical quality of the eye. In work of Dubra et al. [94,95], and
Szczesna and Iskander [96], the lateral shearing interferometer was used to perform
measurements of tear topography. On the other hand, non-interferometric methods
also successfully passed the "exam" for the efficiency and precision of the tear film
variation ‘measurements: the Shack-Hartmann technique, implemented by Li and

Yoon [97] or the curvature wavefront sensor, used by Gruppetta and colleagues [98].

From brief overview on possible sources of the ocular aberrations, the general picture
of the eye as the complete optical system, because of its complexity, is such that it is
not a simple optical system. Furthermore, decentrations, misalignments and tilts of
the optical components raise a question for reasonable usage of classical Seidel aber-
ration theory (suitable for systems with rotational symmetry) to describe the optical
properties of the eye. Some authors came up with hypothesis stating, that in order to
provide the best image quality on the fovea, lens tilt, angle x or corneal astigmatism
may combine, creating kind of self-adjustment mechanism of the eye [99]. However,
at the opposite pole, some authors reject this idea of the eye’s robustness [34]. Also the
work of He at al. [100] suggested that we should rather be more careful with a state-
ment about precise compensation mechanism within the eye. They measured 90 eyes
from 45 young and healthy subjects using a topographic system and a psychophysical
ray-tracing wavefront sensor. The conclusion which raised was that the balance be-
tween anterior cornea and the internal optics is a subject-dependent process in term
of compensation and addition, and moreover, some crystalline lens aberrations may
compensate the corneal aberrations but rather coincidentally. Since the human eye
does not appear as a simple optical system, more work is required to fully cover all
uncertainties of its optical properties.
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2.5 Wavefront Measurement Techniques for the Hu-

man Eye

For many decades different approaches to wavefront sensing in the eye have been
evolving into two classes: pupil plane and image plane based methods. Not to un-
derestimate previous achievements in the study of the eye’s optical properties, we
can fairly say that Thomas Young was the first pioneer of the pupil plane wavefront
sensing in the eye. Although degrading effects of optical aberrations on image quality
were known already due to the limitations seen in telescopes or microscopes, Thomas
Young introduced the concept of ocular aberration. After Young published his work
"On the mechanism of the eye" in the beginning of 19" centaury [101], one hundred
years later Alvar Gullstrand made a first step to the image plane wavefront sensing
in the eye. However, only in 1961 Smirnov gave an idea about sampling the wave-
front slope across the pupil to estimate the PSF and the corresponding aberrations of
the optical system of the eye [92].
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Figure 2.19: Principle of measuring ocular aberrations with a wavefront sensor. A
wavefront sensor measures local wavefront slopes and provides sufficient informa-
tion to reconstruct the complete wavefront shape from the measured slopes.

There is a common opinion that this approach given by Smirnov was the beginning of
"modern" era in the wavefront sensing in the eye. Wavefront sensors (WFSs) can be cat-
egorized by whether the measurements are based on a subjective or objective method
and whether the wavefront sensor measures the light that goes into the eye or comes
out of the eye. In the latter case WFSs measure ocular aberrations in object space.
However, all wavefront sensors developed for vision science and ophthalmology are

based on the same principle mentioned already, which is an indirect measurement
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of local wavefront slopes and reconstruction of the complete wavefront surface by
integrating these slopes [102], as illustrated in figure 2.19.

2.5.1 Laser Ray-tracing

This technique was developed by Rafael Navarro ef al. introducing an instrument to
evaluate the slope of the wavefront by sampling the pupil with a narrow collimated
incoming beam [103,104]. This narrow beam is directed into the eye through a range
of positions in the pupil, sequentially (see Fig. 2.20). A mirror, or combination of two
mirrors, must be repositioned between a single measurement to move the laser beam
within the pupil. For each beam position in the pupil, the retinal beacon is re-imaged
back through the whole pupil onto a CCD array. The centroids of the images are com-
pared with that of the reference image that corresponds to the pupil centre in order
to give transverse aberration of the beam. As a result, one obtains a "spot diagram"
for the optical system of the, which can also be used to measure ocular aberrations
off-axis. This technique can measure a wide range of refractive errors and aberrations

(large dynamic range).

Unlike the "simultaneous" techniques, it does suffer from the possibility that centroids
corresponding to different pupil locations can be confused due to pupil movement.
Therefore it is essential to monitor the pupil position with respect to the instrument.

Re-imaging the beam spots on the retina back through the full pupil might introduce
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Figure 2.20: Schematic illustration of laser ray tracing aberrometry.

unwanted higher-order aberrations. To improve the image quality, one could slightly
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reduce the pupil size by a diaphragm. If the pupil diameter is made so small that it
is comparable to the beam size, than the effect of aberration cancelation of the beam

traveling in double pass will ultimately limit this technique.

2.5.2 Spatially Resolved Refractometer

The spatially resolved refractometer (SRR), was developed by Webb and Penney [105,
106]. It is a subjective technique and consists of two light sources. The first one is a
fixed source that acts as a reference (the light from which passes through the center
of the pupil). The second source is a movable source the light from, which can be
moved to a different location in the pupil. For each location of the movable source,
the subject is asked to look at a target, while a light beam is projected into the eye
at a specific sample position (similar to the laser ray-tracing method). Due to local
aberrations the beam is deflected away from a focal point. The task for the subject
is then to change the position of the movable light source on the retina (manipulator
linked to an adjustable mirror) until it is aligned with the reference spot formed by
the fixed light source. The same task is repeated at different locations of the movable
source in the pupil plane and for each locus the incident beam has to be realigned by
the subject. The local wavefront tilt can be derived then from incident beam-position

correction given by the subject.

The disadvantage of this technique is of course fact that the overall performance de-
pends on the subject’s ability to precisely complete the task. The advantage is, that a

measurement is achieved by a single optical pass.

2.5.3 Tscherning Aberrometer

Marius Tscherning, who developed this method at the end of the 19th century, used
the planoconvex lens that projects an image of the grid on the retina (known as aber-
roscope). The distorsion of the image of the grid after it passed through the optical
system of the eye was an approximate evaluation of the ocular aberrations (mainly

focus error, astigmatism and spherical aberration).

The example of modern version of Tscherning aberrometer (TA) is the one from Mierdel
et al. [107]. A grid mask in front of the eye allows radiation to pass through only
certain pupil positions (Fig. 2.21). As for the laser ray-tracing technique, the illu-
minated retina is re-imaged through the whole pupil. Provided aberrations are not
very high, it is possible to identity which image point corresponds to what particular
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Figure 2.21: Schematic diagram of Tscherning aberrometry.

pupil position. To help reduce the problem for excessive amount of aberrations, the
optical power of the aberroscope lens can be increased. Transverse aberration are de-
termined by comparing the image positions with those of a reference schematic eye,
which might induce some image scale errors because a real eye will have different
image size compared to the paraxial image size in a schematic eye. Distortion present
in a real eye might not be well represented by the schematic eye, which could limit

the accuracy of the TA.

2.54 The Pyramid Wavefront Sensor

The pyramid wavefront sensor is relatively recent wavefront sensing technique, which
has been developed by Roberto Ragazzoni in 1996 [108]. He proposed a setup that
uses four-faceted glass pyramid with the analyzing beam rotating around its tip. This
enables registration of four pupil images that are combined to estimate local wave-
front slopes. In 2002 it was modified and applied to the human eye by Iglesias et
al. [109]. One of the major modification was that they used an extended source in-
stead of oscillating sensing beam, which was used before at the tip of the pyramid.
It allows to vary the dynamic range by adjusting the amplitude of oscillation in the

beam (or angular size of the source).

Figure 2.22 presents a schema of the principle of pyramid wavefront sensing tech-
nique. An aberrated wavefront (presented in red) is focused by a lens (L1) onto the
tip of the pyramid prism and re-imaged into 4 sub-pupils at the detector by a lens
(L2) [110]. Unlike in the case of non-aberrated wavefront, the distorted wavefront
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Figure 2.22: An example of operating regime of the pyramid P wavefront sensor with
an aberrated wavefront (astigmatic mode) propagating through the optical system.
Courtesy of S. Chamot and S. Chiesa [110].
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results in non-zero intensity difference in the sub-pupils. The pixel-by-pixel intensity
difference leads to obtain the local wavefront slope for the pupil element related to

the pixel element.

The tip of the pyramid has to be very well manufactured, which is a technically hard
to achieve due to very shallow angle (1-2 degree). Overall, as it has been recently
reported, the pyramid wavefront sensor is a versatile instrument, which after very
careful consideration of alignment and settings, performs an aberrations correction to
the level of 0.1 ym RMS [111].

2.5.5 Shack-Hartmann Wavefront Sensor

In the beginning of 19" centaury Hartmann devised a method for measuring the
ray aberrations of mirrors and lenses simply by inserting a metal disk perforated
with holes near the pupil, which would isolate rays of light so they could be traced
back [112]. Rays that go the "wrong" way are called aberrated rays, and so the Hart-
mann screen is a technique for measuring ray aberrations. Seventy years later Shack

and Platt improved Hartmann screen by replacing the holes with an array of tiny
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lenses [113]. Since that time a large number of papers have been published in this
topic which demonstrated the efficiency and reliability of the Shack-Hartmann wave-
front sensing technique. The work of Liang et al. from 1994, is the initial point for
applying the Shack-Hartmann (SH) sensor in the eye [114]. Thanks to simplicity of
SH wavefront sensor and ability to make fast and precise measurements of the ocular
aberrations, shortly it became the preferred instrument for wavefront sensing in the
eye.

Basically the sensor consists of a 2D array of lenslets with a focal length f, placed in
the plane conjugated to the pupil of the eye, and the detector at the focal plane of
the lenslet array. Each lenslet effectively samples the local gradient of the wavefront
across the entire pupil of the eye. In the case of an optically perfect eye, a plane wave-
front will produce a regular array of spots at the focal plane of the lenslets (Fig. 2.23),
but the spots produced by an aberrated wavefront will in general be displaced from
their unaberrated position (Fig. 2.24).

Plane
wavefront
“ - |le|e|e e
<==l" | : e o oo
V' — [ ] [ ] [ ] [ ]
Wavefront Lenslets Detector Image

Figure 2.23: The Shack-Hartmann wavefront sensor (SHWFS) at a plane conjugated
to the pupil measures the wavefront slope at discrete locations. For an aberration-free
eye a regular array of spots will be formed at the focal plane.
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Figure 2.24: Aberrated wavefront comes out from the eye and enters the SH WFS and
hence an irregular pattern of the SH spots is produced on the detector.

The displacement of each spot is proportional to the wavefront slope at the location
of that lenslet in the pupil. A centroiding algorithm is used to locate x - and y -

coordinates of the spots. The positions of the spots in the SH image are used then to
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calculate the slopes of rays from the lenslet array in order to determine the wavefront
aberration. The slopes and the wavefront are related as follows:

SW(xy) _ Dx
sx  f
and W(ny) A
XY Yy
AR L (2.42
oy f )

In the Eq. 2.42 W(x,y) is the wavefront with x and y being a horizontal and vertical
coordinates on the pupil. Displacements of the spots on the detector, in respect to
their reference locations, are represented by Ax and Ay and f is the distance between
the SH lenslet array and the detector [115]. It shall be noticed here, that an alignment
procedure and calibration method for the SH detector are critical for system operation
in the open loop [9,116].

™

Figure 2.25: Relationship between the wavefront slope across single lenslet and the
shift in the position of the SH spot [71].

Figure 2.25 illustrates a single lenslet with the diameter (a) and its focal length (f).
The lenslet measures local wavefront slope, and according to a conventional algo-
rithm, each spot is allocated within a virtual aperture directly behind its correspond-
ing lenslet and equal to the size of the lenslet. This is so-called the dynamic range
of the SH sensor and describing what is a maximum distance for single spot to the
edge of its virtual aperture. Based on Eq. 2.42 we can estimate what is the maximum
measurable wavefront slope: ,
a

AWopay = 27 (2.43)
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The minimum slope, that can be measure (i.e. sensitivity of the sensor) is given by:

AX,:
AWiin = x}nmﬂ'

(2.44)

Designing of the SH wavefront sensor is always matter of balancing between a num-
ber of factors that play important role in general measurement performance of the
sensor. From Eqs. 2.43 and 2.44 is clear to see, that for a given lenslet diameter (a), de-
creasing the focal length increases the dynamic range but decreases the measurement
sensitivity. Furthermore, for a given focal length, decreasing the lenslet diameter de-
creases the dynamic range but increases sensitivity. Therefore the dynamic range of
the SH wavefront sensor and its measurement sensitivity are inversely proportional
to each other [71].

The SH sensing can be used as a part of an adaptive optics system to monitor and
correct aberrations in the eye [9]. Another advantage of this technique is that it is
quite robust to changes in eye position, as the software algorithm can be used to de-
termine the pupil centre accurately, especially for the case with high sampling in the
pupil. Spot overlapping due to high amount of aberrations or defocus is a major con-
cern, that is, the instrument may have a limited dynamic range. One of the method to
increase the dynamic range proposed recently by Charles Leroux is to gradually en-
large the number of spots participating in wavefront error estimation with the central
(anchor) spot being fixed due to the double pass compensation [117].

2.5.6 Combined Wavefront and Corneal Topographer

Combined Shack-Hartmann (SH) aberrometer and corneal topographer seem to be
evolutionary next step in the area of wavefront sensing in the human eye. Following
the study of Zhou et.al, when they validated such a combined aberrometer [118], and
work of Daniel Neal [119] we can list a number of advantages, that merge with this
technique. First of all, the corneal topography measurements are integrated on same
measurement axis as a SH aberrometer, which is the line of sight in the latter case.
This is the recommended reference axis for predicting foveal image quality [120]. The
SH instrument, because it measures both tangential and sagittal slopes of the cornea,
is free from the "skew-ray" error, whereas in Placido’s disk based topographers skew

rays are not directly captured.

Figure 2.26 presents an optical layout of an exemplary set up of combined corneal to-
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pographer and aberrometer based on Shack-Hartmann wavefront sensing [119]. This
setup, contains a full gradient topographer, enables the separation of those aberra-
tions of the cornea and from those of the rest of the eye, which is particulary impor-
tant in terms of using experimental data for the eye modeling purpose. Moreover,
such a combination of wavefront sensor with corneal topographer, allows the study
of the aberrations of the crystalline lens, which could lead to better design and eval-
uation of intraocular lenses. Such a systems were validated, and a high accuracy in
measuring corneal and whole eye wavefront aberrations was reported [118,121]. Al-
though satisfactory results have been already presented, there is still room for future

work to be done.
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Figure 2.26: Optical layout of iDesign™ topographer as an example of combined
corneal topographer and aberrometer based on Shack-Hartmann wavefront sensing.
Courtesy of Daniel Neal [119].
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Chapter 3
On-axis and Off-axis
Aberrations of the Human

Eye

In Chapter 2, we introduced the background for the study of the optical properties of
the eye, giving a short description of aberration theory and its mathematical repre-
sentation, as well as wavefront measurement techniques for ocular aberrations. Here,
in Chapter 3, we explore the impact of different types of ocular aberrations in the cen-
tral 10 degree of visual field (see Fig. 3.1), using a dedicated aberrometer that measures
the total wave aberration in terms of the first 20 Zernike polynomials. The strength
of each aberration term is assessed as a fraction of the total RMS wavefront error.
We analyse the contribution of the lower-order and higher-order aberrations for the
horizontal and vertical meridians in 25 young healthy human eyes. We found that
astigmatism and field curvature (field dependent focus error) have the largest con-
tributions to the field-dependence of the wavefront error. Our experimental findings
show the significance of astigmatism and field curvature contribution to ocular aber-
rations and their rapid change even at small off-axis angles (3-5 degree). We emphasize
the importance of correcting these field aberrations in the future retinal imaging in-

struments.
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Figure 3.1: Schematic optical layout of the human eye with five probing beams and
corresponding phase maps that show the amount of wave aberrations measured in
the eye.

3.1 Literature Review

The human eye suffers from various ocular aberrations which, apart from degrading
image formation on the retina, can limit some other visual functions such as contrast
sensitivity [122] and detection acuity [123]. There are different types of aberrations
including lower-order and higher-order errors and furthermore both types depend
upon a variety of factors. Applegate et al. gave a description of higher-order aber-
rations as a function of pupil diameter and age [87]. They measured 146 eyes (di-
vided into six age-groups), using a custom built Shack-Hartmann (SH) wavefront
sensor. A complete review on comparison various number of studies on aberrations
and myopia has been given in 2005 by Charman [124]. Some other work has been
done to evaluate the distribution of the ocular aberrations within a large population
of healthy eyes. The population studies, among the others, include those of Porter
at al., where 218 human eyes (measurements over 5.7 mm pupil diameter) from 109
normal subjects were investigated [125], Thibos and colleagues, who studied 200 cy-
cloplegic eyes (eyes with paralyzed accommodation) and calculated the wavefront
aberration for a 6 mm pupil size [126], the work of Castejéon-Mochén et.al, where the
wavefront aberration was measured over a 5 mm pupil for 108 eyes from young and
healthy population [127]. All the above population studies were performed using an
aberrometry technique based on SH principle. The conclusion common to the above
population studies is that there is high inter-subject variability of the wave aberra-
tions although the average amplitudes of the higher-order terms (except for spherical

aberration term) tend to oscillate around zero. Another common conclusion is that
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the strongest contribution to the total RMS wavefront error comes from the second
order Zernike aberrations [126,127]. Some other conclusions arose like for example
the existence of mirror symmetry between the left and right eyes [9,125]. The recent
work of Plainis and Palikaris from 2008 is a confirmation of previous population stud-
ies as they found that an average of 393 eyes (age range of 33£5 years) is zero for all
Zernike aberration terms except for spherical aberration and oblique-oriented trefoil
coma [128].

There have been a few studies to analyze ocular aberrations across the field. Navarro
et al. investigated a wide field of view (440 degree in horizontal and vertical merid-
ian) [129]. They found that the lower-order aberrations have the major impact on
the total RMS wavefront error. Shortly afterwards, Atchison and Scott published a
paper which showed that the contribution of third-order Zernike aberrations to the
RMS aberration increased up to four times from the center to the edge of a 40 degree
field [130] . In contrast, the contribution of fourth- to sixth-order Zernike aberrations
varied little across the visual field. A recent study by Lundstrom et al. showed the
impact of different degrees of optical correction on acuity in the peripheral field [131].
The data they collected indicates that the Zernike terms at larger angles were defo-
cus and astigmatism (with- and against-the-rule). Atchison et al. [132], published a
study where the refraction and aberrations of the eye of 8 subjects were measured
across the horizontal central 10 degree visual field. Their results showed evidence for
some subtle changes in refraction (under a cycloplegic conditions) across the horizon-
tal central 10 degree, however a correlation between these changes and retinal thick-
ness was excluded. The need for correct foveal alignment during measurements was
emphasized. Furthermore, in terms of the distribution of higher-order aberrations
within the central visual field only horizontal coma was found significantly varying
within the field. Another recent work by Mathur et al., where a central visual field
(42x32 degree (horizontal/vertical)) of 5 young emmetropic eyes were investigated,
proved consistency with the Seidel theory of measured quadratic field dependence
of the astigmatism coefficients and linear field dependence of the coma coefficients.
However, defocus in the form of field curvature did not follow theoretical predic-
tions [133]. One of the latest studies covering the age-dependent aspect of ocular
aberrations across the horizontal field revealed that the horizontal coma undergoes
significant change with age and in addition, spherical aberration shows a positive

shift with increasing age [134,135].

The interpretation of the field aberrations is difficult because of the complex nature of

ocular aberrations. This is due to the lack of rotational symmetry of the eye, irregular
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shape of the cornea, pupil decentration, and the crystalline lens and its gradient-index
structure. Furthermore, the cornea and the lens themselves display tilts and mutual
decentrations which cause a deviation of the visual axis from the optical axis of the
eye (i.e. angle alpha («)) which is approximately 5 degree horizontally and 2 degree
vertically [132].

The knowledge about how aberrations of the optical components of the entire eye
are distributed across the visual field, leads us to an important subject: the anisopla-
natism of the human eye. This topic is extremely relevant for conventional adaptive
optics (AO) and its performance. The first complete AO system was built in 1997 by
Liang et al. [136]. Although the AO technique enables us to gather high-resolution
retinal images, it can be done only over small field called the "isoplanatic patch" [137].
This implies limitations for AO systems, since a clear image of the retina for instance,
can only be obtained over a narrow field for which a correction was implemented.
When going away from this point on the retina, we leave the isoplanatic patch of
relatively constant amount of aberrations and enter to another region where we deal
with different wavefront degradation, so the image is distorted. Only few studies
have been done so far on the anisoplanatism of the human eye. In 2008 Bedggood and
colleagues published a paper when they reported the isoplanatic patch to be around
0.8 degree at the fovea [138]. The same year brought another publication by Dubinin
et al., where the angular size of the zone of constant wavefront aberrations was pre-
sented as varying from 1.5 to 2.5 degree [139]. It would be fair to say here, that this
topic still requires more work to be done and we shall discuss this aspect later in this
Chapter.

A relevant matter to point here is that the general use of Seidel aberration theory in
non-rotational symmetric systems might not be applicable in the human eye case.
The main objective of Chapter 3 is to investigate the field dependence of the ocular
aberrations within young population over a 10 degree field of view. Using Zernike
coefficients to describe the wavefront error for a 6 mm pupil we do not make any
paraxial approximation as in the earlier calculations of the peripheral astigmatism [45,
140]. It is worth noting that we are concerned about the difference between the on-
axis and off-axis values for astigmatism and defocus. This is of great importance for

optical design of ophthalmic imaging instruments for the central 10 degree field.
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3.2 The Experiment

3.2.1 The Optical Setup

We have measured the wavefront aberrations in the pupil plane with an aberrometer
incorporating a Shack-Hartmann (SH) sensor and equipped with a system that con-

trols the pupil position and fixation channel featuring nine field points across vertical
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Figure 3.2: Schematic diagram of the aberrometer optical layout used in the exper-
iment. Rays of light shown in red are going through the sensing arm, whereas
green rays show an optical design of aligning arm of the aberrometer. Notation: L1-
focusing lens, L2-collimating lens, BS2-pellicle beamsplitter, L3-Badal focusing lens,
BS3,M2-Badal pick-off mirrors, L4-Badal collimating lens, M1,M2,M3,M4-plane mir-
rors L5,L6-pupil re-imaging lenses, L7-S-H pattern re-imaging lens, L8,L.9-alignment
channel re-imaging lenses, BS4-dichroic beamsplitter, L10-focusing lens.
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Figure 3.2 presents the sketch of the aberrometer layout. The instrument was de-
signed and built by Matthew Sheehan in the Applied Optics Group at National Uni-
versity of Ireland Galway and more technical details can be found here [141,142]. We
give only a brief overview of the instrument highlighting its major and most impor-

tant properties.

Pupil Alignment Channel

The pupil alignment channel (green rays sketched in Fig. 3.2) allows the pupil centre
to be determined independently of the SH spots. After alignment, the pupil centre
defines the origin of the polar coordinate system to which the Zernike polynomials
are fitted. The pupil alignment channel uses an 880 nm infrared LED to illuminate
the iris of the eye. The magnification of the alignment channel is 0.66 and this mag-
nification value was selected to balance the concerns of creating the largest field of
view possible, maximizing image resolution. The instrument works with pupil diam-
eters ranging from 6 mm to 10 mm. The pupil centre is found by analyzing the image
of the iris with an edge-detection algorithm. The edge-detection algorithm is used
then in built-in pupil tracker which, after the pupil is aligned with the optical system,
recognizes the pupil edge and follows lateral movements of the pupil (the red circle
in Fig. 3.3). In post-processing procedure Zernike polynomials are recalculated for
different positions of the pupil as the pupil might slightly drift during measurement
changing coordinates of its center.

Figure 3.3: The image of the entrance pupil of the eye in the alignment channel.
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Sensing Channel

In the sensing channel (rays path showed in red on the Fig. 3.2), the laser source
(wavelength 677 nm) is used to form a collimated, narrow beam entering the eye and
creating a reference spot on the retina. The diameter of the laser beam is around
1.5 mm and the power level does not exceed 1.5 uW. The light reflects and scatters
back from the surface of the retina and comes back to the instrument, through the
dilated pupil, bringing information about aberrations of the eye’s components. After
the laser beam leaves the eye it passes a Badal stage, which creates an additional
positive or negative sphere to correct the defocus term of the eye. Next, the probing
beam goes through Shack-Hartmann wavefront sensor (SHWS), and finally hits the
CCD detector. The aberrated wavefront is reconstructed by using a least squares fit to
obtain the Zernike coefficients. The optical design includes a lenslet array rotated by
45 degree around the optical axis. This increases the dynamic range in those meridians
where astigmatism is typically expected in the eye. The lenslet array is conjugate to
the subject’s pupil with a CCD detector on its focal plane. The spatial sampling of the
apparatus is 16 lenslets across a 6 mm pupil diameter (190 micron pitch).

The novelty of this design is the simultaneous acquisition of the image of the pupil
and the SH spots pattern by using only one detector (CCD). This is obtained by in-
corporating a "spider" mask, which blocks all unwanted infra-red light reflected from
the retina but permits the recording grid of SH spots and tracks the pupil edge (see
Fig. 3.4, and Fig. 3.2). Reconstruction of the aberrated wavefront is achieved by using
the Zernike circle polynomials, which are obtained with a least-squares fit.

Figure 3.4: The image of the SH pattern in the pupil plane.
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Calibration of the Aberrometer

Our Shack-Hartmann sensor based aberrometer, built by Matthew Sheehan [141], was
verified by measurements of 60 normal eyes from young population [142]. The re-
sults were compared to these obtained from one of the commercial aberrometers (Zy-
Wave) in terms of measured set of Zernike coefficients. Comparison between residual
higher-order RMS wavefront values and standard deviation error of recorded Zernike
coefficients of the experimental wavefront sensor (WFS) and the ZyWave aberrome-
ter was then performed. Comparative analysis provided confidence in repeatability
of the experimental WFS measurements and demonstrated results similar to those

achieved by a commercial instrument.

Before the experiment was carried out, additional methods of validation were imple-
mented. Firstly, the optical setup of the aberrometer was calibrated with phase plates,
kindly supplied by. Prof S. Bara. The phase plates with fixed amount of Zernike aber-
rations, (more technical details can be found [143]), were measured by using an inter-
ferometric technique, as well as with the experimental aberrometer setup. The com-
mercial interferometer (Fisba Optik), based on the Twyman-Green technique, mea-
sures the reference phase place in a double-pass regime at a wavelength of 632.8 pm.
In the double-pass method, one has to divide the measured wavefront by 2, in or-
der to make it comparable with the aberrometer measurements. A physical stop was
added to the phase plate to assure that the interferogram is obtained for the same
region as with an aberrometer (over a 6 mm pupil diameter). The software of the
Fisba interferometer allowed us to calculate the Zernike aberration polynomials up
to 5 order using the same definition of Zernike polynomials as it is standardized
in [68], and used in this thesis for presenting ocular Zernike wavefront aberrations.
Figure 3.5 presents results of the calibration procedure in the form of the interfero-
gram and wavefront map of the measured phase plate no. 1, which represents the
amount of aberrations present in a typical eye. The plot presented in Fig. 3.5 shows
the amplitude of the first 18 Zernike aberration coefficients (tip/tilt removed),used
for the reconstruction of the wavefront, as the comparison between both measure-
ment techniques. One can see that the amplitude and sign of all Zernike coefficients,
are in good agreement although there are few points where the two curves do not

match exactly.

Two Zernike aberration coefficients that differ the most in amplitude are: oblique
astigmatism c(2,-2) with 0.053 um difference, horizontal /vertical astigmatism c¢(2,2)
with 0.065 um difference and vertical coma coefficient ¢(3,-1) with 0.066 um differ-
ence. These mismatches corresponds to a RMS error of A/11 at a wavelength of
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Figure 3.5: Results of the calibration of the system. a) An interferogram of the phase
plate no. 1, obtained with a commercial double-pass interferometer b) Measured
wavefront of the phase plate no. 1 from the aberrometer, over 6 mm pupil (tip/tilt
removed) ¢) Amplitude of Zernike aberration coefficients obtained from interferom-
etry measurement and from the aberrometer measurement. For the sake of clarity,
error bars have been omitted.

0.677 um, which can be regarded as typical error budget for an aberrometry mea-
surements [144]. This can be attributed to small rotational misalignment relative to
each sensor. We neglected a fact of varies wavelength of used instruments, since small
wavelength difference (44.2 nm), and nearly stationary nature of higher-order aberra-
tions in the near infrared region [145], should not give any noticeable offset. Mea-
surement of the phase plate no. 1, which represented typical ocular aberrations of the
eye, required incorporation of the phase plate to an artificial eye (AE), which serves
as a reference during alignment. The artificial eye contains of diaphragm (pupil),
achromatic doublet lens f = 50 mm (optics) and a piece of white paper as reflection
medium (retina). The values of Zernike coefficients (2" — 5! order) of the AE were
then subtracted from coefficients obtained from the phase plate and the AE measured
together (blue, dashed line in Fig. 3.5) in order to obtain coefficients for the phase
plate only (green line in Fig. 3.5). An averaged RMS wavefront error of the AE is
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equal to 0.025 £ 0.001 um, which corresponds to a RMS error of A /27 at a wavelength
of 0.677 um, which indicates a small level of intrinsic aberration noise of the instru-

ment.

These type of errors often appear when comparing two (or more) sensors as an ef-
fect of mismatch between coordinate systems. In order to numerically cancel such
alignment errors between wavefronts represented by the Zernike polynomials a new

method has been developed recently [146].

Repeatability Test of the Aberrometer

It is important to study the systematic error that might occur when measuring oc-
ular aberration in a real subject after consecutive realignment procedures (subject is
realigned with the instrument after each measurement). The human eye, as a living
part of our body, exhibits some fluctuations of the parameters such as: intra-ocular
pressure, axial length, corneal shape, accommodation and ocular aberrations. Some
parameters are related to blood pressure, heart beating frequency, the tear film vari-
ability on the cornea surface or overall condition of the body. These factors may affect
the eye-ball with different frequency or time scale. Logically, all the changes within
the eye should impact the overall performance of the optical system of the eye. Some
work has been done on evaluation of microfluctuations of the accommodation and
aberrations. Within a short period of time, experimental data shows a maximum fre-
quency of fluctuation of 5 Hz [147], and similarly for the long period of time (days,
months, years) aberrations indicate a significant lack of stability [88]. According to
the recent findings of Leahy et al. [148], the statistical nature of the fluctuations in
accommodation were shown to be dependent on the mean level of accommodative
effort.

In addition, other sources of errors are present during the wavefront measurements
as a result of head or eye movements or misalignment of the eye with respect to the
optical axis of an aberrometer. It can affect the final results, decreasing repeatability
and thus the reliability of any eye-testing apparatus. The repeatability of any sens-
ing system is the ability to repeat its own results or, very often, it is defined as the
variation in measurements on the same subject, under the same condition in the same
measurement session. In order to evaluate repeatability of our instrument, we mea-
sured the right eye of subject no. 18 under cycloplegic condition. The subject was
asked to fixate his eye on the central point of the fixation target and, after alignment,
20 single frames (wavefronts) were taken over the time period of 3 seconds. This rep-

63



Chapter 3. On-axis and Off-axis Aberrations of the Human Eye

resents one single trial, which we call a single measurement of the eye’s wavefront
error. After each single measurement, subject was realigned and the procedure was

performed again until the total number of single measurements of 12 was reached.
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Figure 3.6: Repeatability test on the aberrometer. Amplitude in microns measured
over 12 single measurements 3= 1SD of subject no. 12, under cycloplegic condition.
Plot Note: the scale differs between case (a) and (b).

Figure 3.6 shows how a single Zernike coefficient fluctuated over 12 single mea-
surements. Case (1) presents a plot for lower-order terms. The three Zernike co-
efficients have a fluctuation of amplitude: the defocus aberration coefficient (c(2,0))
varies within 0.15 ym and two components of astigmatism (c(2,-2) and ¢(2,2)) do not
exceed 0.1 um of the fluctuation range. Note, the Badal optometer was set to mini-
mize the defocus term, before the test was carried out. From the higher-order aber-
ration (case (b)), we show four single terms, fluctuating significantly, and the remain-
ing higher-order terms (RHO) with minimum oscillation around zero. Vertical coma
coefficient c(3,-1) exhibits the largest variation of 0.13 um, whereas horizontal coma
coefficient ¢(3,1) and both components of trefoil coma c(3,3) and c(3,-3) indicate oscil-
lation within the range of 0.08 um. Here we shall be aware, that all measurements
were performed on a real eye, and therefore suffers a number of complicating factors

(such as temporal fluctuations in aberrations, tear film or alignment mismatches).
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Table 3.1 presents mean values for all 18 Zernike coefficients up to the 5 order and
the coefficient of variation (c,) for each coefficient used in the test. The standard
deviation (SD) of the 12 repeated measurements was also determined. In order to
obtain the ¢, for individual Zernike coefficient the SD of the mean were divided by
the mean and multiplied by 100 to give a percentage [149]. The percentage of the ¢,
shows variation for each Zernike coefficient in respect to the mean value. In order to
minimize fluctuations of the Zernike coefficients due to the consecutive realignment,
subject’s eye realignment procedure during a measurement session was limited to a

necessary minimum.

Table 3.1: Subject no. 18, right eye. Repeatability of 12 single on-axis measurements
after consecutive re-alignment.

Zernike Magnitude of aberration ¢,

coeff. Mean £ SD[um] [%]
c(2,-2) 0.344 + 0.013 3.8
c(2,0) 0.043 + 0.021 49
c(2,2) 0.375 & 0.017 45
c(3,-3) 0.044 + 0.012 27
c(3,-1) 0.088 + 0.010 11.4
c(3,1) 0.018 + 0.012 67
c(3,3) 0.040 + 0.010 25
c(4,-4) 0.014 + 0.012 85
c(4,-2) 0.020 + 0.009 45
c(4,0) 0.073 £ 0.007 9.6
c(4,2) 0.017 £+ 0.010 58
c(4,4) 0.055 + 0.009 16.4
c(5,-5) 0.024 + 0.011 46
c(5,-3) 0.028 + 0.007 25
c(5,-1) 0.012 £ 0.006 50
c(5,1) 0.051 + 0.008 16
c(5,3) 0.022 £ 0.007 32
c(5,5) 0.007 + 0.009 128

3.2.2 The Experimental Procedure

In our study, 25 healthy eyes from young population (12 female, 13 male) without any

optical abnormalities, were measured. The subjects ranged in age between 23 and 34
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years had a mean value of 27 years. Spherical refraction in our population is in the
range from 0 D to -2.25 D (with a mean of -0.55 D) and up to 0.75 D in cylinder (see
Table 3.2 for details). All subjects have not undergone any kind of refractive surgery
(healthy eyes). Prior the experiment each subject went through a pre-screening test
at the University College Hospital, Galway to check on their vision and ocular condi-
tion. The project was granted ethical approval by the National University of Ireland,

Galway Research Ethics Committee.

Table 3.2: Subjects record for right eye (OD).

Subject Year  Gender  Refraction Refraction
number of birth [MorF] spherical [D] cylinder [D]

1 1983 M -0.75 +0.25
2 1983 F 0 +0.5
3 1983 F -0.75 +0.75
4 1978 F -0.25 +0.25
5 1984 M -1.75 +0.25
6 1980 F -0.25 +0.25
7 1980 F -0.5 -1.0
8 1978 M -1.25 +0.25
9 1984 F -1.0 0
10 1974 M -1.0 +0.75
11 1983 F -2.25 +0.5
12 1984 M 0 0
13 1983 F 0 0
14 1978 M -0.25 -0.5
15 1983 F -0.5 0
16 1980 M 0 +0.75
17 1979 F -0.75 -0.5
18 1983 M -1.5 -0.5
19 1979 F 0 0
20 1985 F -0.25 -0.25
21 1982 M 0 +0.5
22 1978 M -0.25 -0.25
23 1983 M 0 0
24 1985 M 0 -0.25
25 1978 F 0 0

One drop of 1 percent Tropicamide was administered to the subject’s right eye in order

to dilate the pupil and to paralyze the accommodation. After 15 minutes each subject
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was positioned against the chin-rest and forehead-rest and aligned with the wave-
front sensor. The subject did not wear any contact lenses or glasses. In the optical
layout of our aberrometer, the sensing beam is always pointing at the same point on
the retina when the eye is well aligned with the system. To obtain an off-axis mea-
surement subject is asked to fixate their eye at one point on a fixation target as shown
in Fig. 3.7. A small ring in the fixation target corresponds to 3 degree and the periph-
eral ring corresponds to 5 degree with respect to the central point. This arrangement
enables us to measure wave aberrations of the eye within 10 degree (horizontally and

vertically) of the field of view with respect to the line of sight.
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Figure 3.7: Schematic layout of the off-axis measurement procedure. The probing
beam creates a reference spot of light at the center of the fovea when the eye is aligned
with the optical axis of the aberrometer. In order to obtain off-axis measurements, a
subject is asked to fixate at each of 8 field points displayed on the fixation target.

At the start of the experimental session, the Badal optometer is set for the best sphere
to minimize the defocus aberration term on-axis. Once the eye is aligned with the
aberrometer the pupil tracking system locks on the image of the iris and follows
the lateral movements of the eye. This arrangement is necessary to ensure that the
aberrated wavefront is always measured with respect to the center of the pupil. We
measure the wavefront in the pupil plane of the eye at 9 different points in the field
including the on-axis reference measurement. Three single measurements are taken
for each field point to reduce the optical effect of the tear film. One single measure-
ment consists of 20 single frames taken with a given exposure time for a CCD camera.
The exposure time for a single frame depends on quality or brightness of the SH spot;
generally it is around 80 ms, hence on average a single measurement lasts around 3 s
(additional 1.5 s for recording (acquiring) the frames into the system). Measurements
with a blink during the frame grabbing process or with eye movements, that exceed

the range of the pupil tracker, were excluded from the study. To improve fixation skill
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each subject had an opportunity to practice their ability to fixate properly at a differ-
ent target point. In the following section we present data for 25 eyes measured with
our method under the same conditions.

3.3 Experimental Results

Before we present our experimental results we shall describe the standards for re-
porting ocular aberrations in the eye, that we use in this thesis. The recommendation
of the Optical Society of America (OSA) standards state that wavefront aberrations
shall be reported from the examiner’s point of view as it is outlined in Fig. 3.8. When
detecting the wavefront in the exit pupil of the subject, positive phase/wavefront
values represent a phase-advanced wavefront and similarly, negative values repre-
sent a phase-retarded wavefront. According to the OSA standards, we shall use
Zernike polynomial coefficients for describing ocular aberrations for the wavefront
conjugated to the pupil plane and with the reference axis defined along the line of
sight [120].

Right eye Left eye
oD oS

Figure 3.8: Conventional right-handed coordinate system for reporting ocular aberra-
tions. Examiner’s view of subject. Oculus dexter (OD) is a Latin term meaning "right
eye" and oculus sinister (OS) is a Latin term meaning "left eye", both Latin terms are in
common use in ophthalmic nomenclature.

3.3.1 Young Population Study

Figure 3.9 presents the mean value of each Zernike coefficient (obtained from the 3"
up to the 20" Zernike coefficient in microns as tip and tilt are removed from cal-

culation) with its sign across a 25 measured eyes as a detailed composition of the
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wavefront aberrations measured at five field points in horizontal and vertical merid-
ians. For clarity we show only a central (reference) 0 degree point and a four other
field-points correspond to a peripherals 5 degree field of view (we did not plot the
data for 3 degree visual field to keep this illustration less crowded). This type of aver-
aging (where the sign of the coefficients was taken into account), for any aberration
showing small variation around zero leads to compensation in their average estima-
tion i.e. tending towards Zernike mean. For a quantitative illustration, an average of
the absolute values of each Zernike coefficient (for a 6 mm pupil diameter) across the
population was calculated and plotted on Fig. 3.10.
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Figure 3.9: Population study of 25 young eyes. Mean values for each Zernike coef-
ficient (given in microns for a 6 mm pupil diameter) of the 25 measured eyes, up to
5t level. Error bars are 1 standard deviation. Note, that Zernike defocus aberration
was corrected by the Badal optometer on-axis.

From Figs. 3.9 and 3.10 it is clearly seen, that the major contribution to the total
amount of the wavefront error comes from three types of refractive errors: defocus
Z(2,0) = v/3(20% — 1), second order astigmatism (90 - 180 degree with-the-rule astig-
matism) Z(2,2) = v/6(p?c0s26) , and oblique astigmatism (45 - 135 degree against-
the-rule astigmatism) Z(2,—2) = v/6(sin26), where p is the normalized radial coor-
dinate in the pupil and 6 is the azimuthal angle measured counter clockwise from
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Figure 3.10: Population study of 25 young eyes. Mean absolute values of the Zernike
coefficients from the 2™ to the 5" order (given in microns for 6 mm pupil diameter).
Error bars are +1 standard deviation. Note, that Zernike defocus aberration was
corrected by the Badal optometer on-axis. Percentages (given in tables) were obtained
by averaging the percentage of each subject for each coefficient.

the horizontal axis (+ x axis). The 6 angle is known as the "meridian" in ophthalmic
optics. Large magnitude of the Zernike c(2,2) aberration coefficient indicates a pre-
dominant with-the-rule astigmatism in the population. The negative value of ¢(2,2)
(see Fig. 3.9) is a typical situation in the eye where the corneal surface is steeper along

the vertical meridian than along the horizontal meridian. This has been reported ear-
lier [125,142,150].

Within the higher-order aberrations the averaged vertical coma coefficient c(3,-1) ap-
pears to be close to zero in the horizontal meridian, whereas the horizontal coma
¢(3,1) shows little variation around zero in the vertical meridians. There are other
significant higher-order terms. Some of them do not vary much with the field angle
such as spherical aberration coefficient c(4,0) and one of the trefoil coma component
c(3,-3) with approximately the same absolute mean value as c(4,0) and horizontal tre-
foil coma component c¢(3,3). Although, the horizontal trefoil coma varies a lot in sign

from subject to subject and hence its influence is diminished in the averaged values
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in Fig. 3.9. The presence of the nearly constant trefoil coma component indicates that
the origin of this aberration lies in proximity to the pupil. The crystalline lens with its
specific Y-like fibre cell organization [151] might be responsible for this effect [126].

In order to define the weight of each Zernike coefficient in the total RMS wavefront

error, we calculated a percentage factor, ¢; using formula below:

G
s x 100. 3.1)

1
The value in denominator represents the variance of the ocular wavefront aberration
obtained for first 18 Zernike coefficients (tip and tilt removed). Calculated percent-
ages were obtained by averaging the percentage of each subject for each coefficient.
The data of the percentage and mean total RMS value are shown in tables in Fig. 3.10.
The tables show the distribution of the mean-total RMS across 10 degree visual field
and the impact of each Zernike order, given in percentages, on the total RMS wave-
front error. Similar to Thibos et al. [120] we regrouped Zernike coefficients and hence
214 order terms represents the lower-order aberration with index from 3 to 5, and
higher-order aberrations are distributed to the three orders such as 3" order (index 6
to 9), 4 order (index 10 to 14), and finally 5 order (index 15 to 20).

From Fig. 3.11 it can be clearly seen that the total RMS increasing its value as going off-
axis (both meridians), and this is what one could expect from field decomposition of
ocular aberrations. As we have already mentioned lower-order aberration terms give
the strongest contribution to the total amount of ocular aberrations (2" order terms
mimic the distribution curve for the total wavefront error across the field). Moving
of axis second-order terms (especially both components of astigmatism) increase its
amplitude and hence there is clear increase of the total wavefront error. The 3% order
terms do not change dramatically with the field angle, however they contribute about
15 percent to the total amount of the RMS across the field (see Fig. 3.10). The 4"
order terms have very little impact, and in fact the spherical aberration coefficient
c(4,0) is only one significant term within this group (see Fig. 3.10). As we have stated
before, the spherical aberration does not change with the field by definition. The 5"
order term have no impact for the total amount of wavefront ocular aberration. All
observations presented above clearly support the previous studies [125-127,129,142,
150].

In our analysis of ocular aberrations, we are going to consider only those groups of

Zernike coefficients, which significantly contribute to the total wavefront error. These
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Figure 3.11: Mean RMS wavefront error (in microns) in 2" to 5 orders for 25 eyes
across the horizontal (nasal - temporal retina) and vertical (inferior - superior retina)
visual field. Pupil size 6 mm. Zernike defocus aberration has been corrected on-axis.
For the sake of clarity, error bars have been omitted.

include defocus c(2,0), and three other aberration groups with paired components
such as astigmatism ((c(2,2))2 + (c(2,—2))?)'/?, coma ((c(3,1))% + (c(3,—1))?)1/?
and trefoil coma ((c(3,3))% + (c(3,—3))?)'/2. For completeness we also present a
spherical aberration coefficient c(4,0) as its value is significantly distinguished within

other 4" order aberrations terms.
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Figure 3.12: RMS wavefront error estimated as an average value of 25 eyes for major
aberration groups across the horizontal (nasal - temporal retina) and vertical (inferior
- superior retina) visual field. Pupil size 6 mm. Chosen abbreviation: total - total
RMS wavefront error, def - Zernike defocus coefficient c(2,0), SA - Zernike spherical
aberration coefficient c(4,0). Note, that Zernike defocus aberration has been corrected
on-axis. For the sake of clarity, error bars have been omitted.

As a first step we shall look at the averaged RMS values of these aberrations estimated
for 25 eyes for each field point. This type of averaging deals with absolute values of
Zernike coefficients. Using absolute values reveals the main contributors to the total
wavefront error shown as blue curves in Fig. 3.12. It can be seen that the astigmatism

is a dominant aberration across the central visual field and it defines the shape of
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the total RMS curves. Defocus term also influences the shape of the total RMS curve
but to a smaller extend compared to astigmatism. Nevertheless the defocus term was
minimized on axis and therefore its contribution is reduced, yet it still remains to
be the second largest aberration at 5 degree. In optical systems working off-axis, this
aberration corresponds to field curvature. In the eye, the variation of the defocus term
across the visual field is primarily dictated by the shape of the retinal surface.

Due to the large inter-subject differences, the total RMS wavefront error on-axis var-
ied among the subjects, with a standard deviation (SD) of 0.23 um. The typical value
of the total RMS error off-axis showed similar level of inter-subject variability. In light
of this, averaging aberrations at each field point independently does not provide any
substantial insight into relative changes in aberrations occurring between field points.

At this stage in our analysis we shall consider a different way of presenting the av-
erage wavefront across the visual field. For each eye we subtract the wavefront mea-
sured on axis (using it as a reference value) from the other wavefront obtained off
axis prior to estimating the average of 25 eyes. This should allow us to see the field
dependence of aberrations more clearly or in other words, their field differences in
amplitude in respect to the line of sight. Figure 3.13 presents this method of obtaining
new, residual wavefronts and corresponding RMS.

ORIGINAL WAVEFRONTS RESIDUAL WAVEFRONTS
RMS=0.769 um RMS=0.644 pm

RMS=0.814 pm RMS=0 pm RMS=0.696 {um

Figure 3.13: Subject no. 14. Residuals wavefronts obtained from original wavefronts,
measured across horizontal and vertical meridian of the central visual field. For clar-
ity, phase-maps for 3 degree are not presented.

Our plots presented in Fig. 3.14 clearly show the field dependence of aberrations
and their contribution to the off-axis total RMS wavefront error. Similarly to the
previous case, the second-order (defocus and astigmatism) are the major contribu-

tors here. The RMS value for astigmatism estimated as a combination of two coef-
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ficients ((c(2,2))? + (c(2,—2))?)'/? (total astigmatism) increases significantly when
going from the center to the field periphery. Comparing distribution of the total RMS
wavefront error in both meridians, one can see that it has a slightly bigger value in
the inferior region of the retina. It is because the defocus term and total astigmatism
play slightly bigger role in this area of visual field of view. However in the horizontal
meridian they demonstrate almost symmetric distribution around line of sight axis.
This still may be a consequence of averaging, which leads to compensate of differently
distributed values of the RMS across the field of view.

Nasal retina Temporal retina Inferior retina Superior retina
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Figure 3.14: Distribution of the average RMS wavefront error in the horizontal and
vertical meridian estimated with respect to the central field point. For each subject
on-axis phase map was used as a reference and subtracted from other field points
prior to averaging. For the sake of clarity, error bars have been omitted.

Subject Dependent Types of Field Distribution of Ocular Aberrations

As it has been already mentioned and reported before, because of high inter-subject
variability in amplitude and/or sign for some of Zernike aberration coefficients, it
might be difficult to create a reasonable conclusion based on mean values of the RMS.
In order to distinguish different patterns of aberration distribution we shall look more
closely for each subject separately.

From Figs. 3.11 and 3.12 one can clearly see, that the mean value of Zernike defocus
and astigmatism are much greater, compared to other terms, and hence the coeffi-
cients from 2" order have the strongest impact for a total RMS distribution. From
our observation on different field distributions of lower-order terms, we are able to
distinguish three types of different total RMS variation across the visual field. Fig-
ure 3.15 presents three different "types" of the RMS field distribution across the hori-
zontal meridian. Those are "flat" or "non-varying" variation, "quadratic" variation, and

"non-symmetric" or "odd" variation. Each group consists of three typical representa-
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tive eyes for a particular aberration distribution. Each plot, apart from showing the
curve for the total RMS wavefront error, presents also the horizontal distribution of
Zernike defocus coefficient c(2,0), total astigmatism ((c(2,2))% + (c(2,—2))?)"/2, and
total amount of coma-like coefficients from the 3" order ((c(3,1))? + (c(3,—1))?) +
(c(3,3))? + (c(3,—3))?)/2 across the central visual field. Aberration coefficients for
other Zernike orders has not been included in the plot due to their negligible impact
to the total ocular aberrations (note, that spherical aberration coefficient c(4,0) has a
distinct weight within 4 order terms, however we have already showed its constant

distribution for the field for each measured eye).

Flat distribution Quadratic distribution Non-symmetric/odd distribution
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Figure 3.15: Horizontal field of view. Measured RMS wavefront error as a function of
the field angle. Nine eyes represent three types of the total RMS variation across the
horizontal visual field, such as "flat" , "quadratic", and "non-symmetric" or "odd". For the
sake of clarity, error bars have been omitted.

It can be clearly seen that for eyes with "quadratic" distribution (subjects no. 14, no. 18
and no. 22) the main component, which shapes the RMS curve (blue line in Fig. 3.15)
in the periphery is defocus aberration ¢(2,0)(green line in Fig. 3.15). This may be due
to the strong presence of field curvature, which, at this stage, is the component of the
total defocus amounts across the field. Note, that besides strong influence from the

c(2,0) term for the total RMS and its quadratic distribution, it is not possible to unam-
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biguously determine the distribution of total astigmatism. It appears differently for
3 representative eyes for the quadratic distribution group, dropping twice for a mini-
mum value at —3 and +3 degree of the field angle (subject no. 18), taking a minimum
on-axis (subject no. 22) and finally being non-regular across the horizontal visual field
(subject no. 14). For the remaining cases, the defocus term does not appear in a such

regular pattern.

The "flat" (or non-varying) category (subjects no. 4, no. 5 and no. 24) is characterized
by non-varying (or less varying) distribution of the wavefront error for all measured
Zernike orders. The defocus term seems not to be a dominant factor since there is
significant influence from total astigmatism (red line in Fig. 3.15) on the final shape of
the total RMS. It would be worth noting here, that for our "flat" distribution group, the
amplitude of measured aberrations is not the case here. In other words, the amplitude
of the total wavefront error has no effect here, since the total RMS may be relatively
large (oscillating around 0.7 um across the field for subject no. 11, to around 1 um for
subject no. 13), but still not exhibits much variation across the field.

The third group of "non-symmetric" or "odd" distribution (subject no. 2, no. 20 and
no. 21) is slightly more difficult to describe. Surprisingly the minimum for the total
wavefront error is not necessarily located on-axis, which for all plots correspond to
the line of sight. For two subject from the third type (no. 2 and no. 21) the total
astigmatism is obvious dominant factor but it reaches its minimum not at the center,
but somewhere in the periphery (+3 degree at the temporal retina for subject no. 21,
and -5 degree nasally and +5 degree temporally for subject no. 2). It may indicate a
large influence of the corneal astigmatism that may come from the corneal toricity.
However both subjects no. 2 and no. 21 indicate a lack of symmetry in the combined
astigmatism, subject no. 20 shows some symmetry in the total astigmatism distri-
bution, but again, it exhibits non-symmetrical distribution for other presented RMS
curves of the defocus term and 3" order aberration terms. It is in fact very interesting
case, when the value of the RMS of total astigmatism dropped down twice for -3 de-
gree nasal retina and +3 degree temporal retina, whereas the minima for defocus and
3" order aberration fall on both sides of the reference axis at -3 degree and +3 degree
respectively. It may indicate that at some points along the field, there is possible cor-
rection of the field-dependent astigmatism (classical case of astigmatism aberration)
and corneal astigmatism. A common field "behavior" for three presented representa-
tive groups is the distribution of 3" order aberration terms. Their value of the total

RMS not varying much across the field, oscillates around 0.2 pm.

In order to analyse these RMSs distribution types along a horizontal meridian, as
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before, we subtract on-axis wavefront from off-axis field points for each subject in
our representative set. Figure 3.16 presents results as residual RMS values for, total,

defocus, total astigmatism and 3"/ order terms as a function of horizontal field angle

w.
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Figure 3.16: Horizontal field of view. The residual RMS wavefront error as a function
of the field angle for the three observed groups. The residual RMS values are the
results of the subtracting the center wavefront from each field point. For the sake of
clarity, error bars have been omitted.

After the on-axis reference subtraction and averaging, we can still distinguish our
three groups and it illustrates, that for different field distribution we might observe
different residual patterns of ocular aberrations (or on-axis correction). The "flat" dis-
tribution group indicates noticeable or regular pattern of correction (or in other words
the residual wavefronts are likely to be lowered, in terms of the total RMS, when sub-
tracting the on-axis (reference) wavefront). Besides the peripheral-temporal side of
the retina for a subject no. 4 ( +3 to +5 degree), all remaining field points for other
eyes are significantly reduced at periphery of our visual field (from about 1.5 um to
0.25 um). Zernike terms from the 3" order for this group are reduced to the level
being below 0.1 um so they will not produce any noticeable image degradation on
the retina. The "quadratic" distribution group displays a tendency to hold the shape
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of the total wavefront error distribution curve. Here one can see the influence of
field curvature (FC). The FC keeps its amplitude across the field and mimics the total
RMS curve. The total residual astigmatism is lowered in its amplitude and hence the
total wavefront error is reduced from 0.2 um to 0.1 um at the field periphery. The
third group of eyes with "non-symmetric" distribution shows more variation or irreg-
ularities after subtraction. Due to lack of symmetry along the line of sight, residual
wavefronts may stay unchanged in terms of the amplitude of the total residual RMS
(as can be seen +3 degree temporal field for subject no. 2), or even gains an additional
amount of aberration (see 43 degree temporal field for subject no. 21). Here, similar to
the "flat" category of eyes, field curvature and field dependent astigmatism are inter-
mixed along the meridian shaping the final curve of the total residual RMS wavefront
error. It is worth noting, that the 3" order terms vary more with the field in this group

of eyes.

Similar to the horizontal meridian we shall describe a vertical field of view using the
same representative eyes as previously. Figure 3.17 presents 9 plots of the total RMS
wavefront error (in microns) as a function of a vertical field of view. One can see, that
the vertical meridian is more likely to promote a quadratic distribution of the total
wavefront error. Comparing to the previous situation from Fig. 3.15, it easy to see,
that some eyes "jump" to another distribution category, which again may prove the
non-symmetrical nature of the optical system of the human eye. Some subjects (no.
14, no. 18, and no. 22), appear again in a quadratic manner distribution enlarged
by two other eyes (subject no. 4, and no. 24), that came from the "flat" distribution
group in a horizontal meridian. Two eyes (subject no. 2, and no. 20), being previously
in "odd" category have been moved to a "flat" or non-varying group of the total RMS
distribution. And again in general, the total astigmatism seems to play a main role in

shaping the total RMS curve, even in some cases of quadratic-distribution examples.

Subtracting central wavefront from other off-axis field points (in the vertical merid-
ian), gives residual aberration distribution plotted on Fig. 3.18. And similar to the
horizontal field case, the field curvature is dominant aberration for residual wave-
fronts of "quadratic" group. (except for subject no. 24, who shows more contribution
from the total astigmatism RMS). Subjects no. 2, and no. 20, however located in the
non-varying group of the total RMS in the vertical meridian, exhibit some odd vari-
ation (but still symmetrical) of the FC. This results in a dominant or strong role of
the FC in residual wavefronts of these two subjects, while the amount of the total
astigmatism (just because its non-varying behavior across the field, see Fig. 3.17) is,

in general, lowered after subtraction. Terms from the 3" order aberration show very
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Figure 3.17: Vertical field of view. Measured RMS wavefront error as a function of the
field angle. Nine eyes (from Fig. 3.15) represent three types of the total RMS variation
across the vertical visual field. For the sake of clarity, error bars have been omitted.

low magnitude in general, being below or oscillating around 0.1 ym in RMS. This
level may vary between subjects and for some cases raise its amplitude to the value
of 0.2 um or even slightly more (subject no. 2, no. 20, no. 21, and no. 24). We shall
emphases again the change of the field aberration pattern distribution for some sub-
jects, when changing the meridian, which indicates the lack of rotational symmetry

and hence general complexity of the optical system of the human eye.

As a summary of aberration distribution along a horizontal and vertical meridian we
shall group all remaining eyes from our population study in previously distinguished
types. Figure 3.19 depicts a mean wavefront errors obtained after averaged a number
of eyes qualified to each group with different distribution of the total RMS. It shows
mean variation of the wavefront error for the field curvature, and for grouped Zernike
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Figure 3.18: Vertical field of view. The residual RMS wavefront error as a function of
the field angle for the three observed groups. The residual RMS values are the results
of the subtracting the center wavefront from each field point. For the sake of clarity,
error bars have been omitted.

aberration terms such as: total astigmatism and total RMS of the 3" order Zernike

terms.

For statistical matter it is worth to note here, that within our 25 young eyes, and for
horizontal meridian: 5 we qualified as flat RMS variation across the field, next, 10
with strong influence from the field curvature as quadratic distribution of the RMS
curve, and finally 10 remaining, indicating lack of symmetry along reference axis or
odd (unlike) variation across the horizontal meridian. As we have already mentioned,
vertical meridian is more "symmetric", which means more eyes have been recognized
with a quadratic distribution of the total RMS. And consequently as in the horizon-

tal meridian, "flat" or non-varying group contains 6 eyes, 15 eyes form a "quadratic"
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Figure 3.19: Horizontal and vertical meridians. Group mean RMS wavefront error
for all eyes in the study divided into the three observed groups. The n is a number
of eyes indicate a field distribution for particular group. For the sake of clarity, error
bars have been omitted.

distribution group, and only 4 eyes we could qualify to the "odd" or non-symmetric
group.

The nature of field curvature is such, that it varies as a quadratic function of field po-
sition. In some eyes there is clear tendency for such a behavior (even if we forced the
field curvature aberration to reaches its minimum in the center of our visual field by
Badal adjustment). Some other eyes indicate rather non-varying or non-symmetric
distribution of field curvature, but here we shall keep in mind, that we only study
the central visual field (but still very important for retinal-imaging techniques). A
small region on the retina could be not enough for complete describing the aber-
ration field pattern for some cases (especially those with less-varying distribution).

After subtraction (or correction on-axis), the field curvature aberration usually tran-
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spires its weight, which is very often crucial for a total amount of wavefront error.
Although we were able to catch some patterns or symmetries, just because we anal-
yse the "whole" eye ocular wavefronts we can not clearly distinguish aberrations that
come from cornea. This could be done in the future as the knowledge about possible
mutual corrections between the cornea and the inner optics of the eye still needs to be
validated.

3.4 Estimation of the Isoplanatic Patch

In this section we aim to roughly estimate an isoplanatic area for the young human
eye, based on our experimental data. In astronomy, this area is usually defined as
a region of the field where the variation of the root mean- square (RMS) wavefront
error between any two points does not exceed 1 rad [152]. Following this definition,
and as we discussed in our previous publication [60], in our case this is equivalent to
A /27t = 0.108 um. Therefore, we shall consider the isoplanatic patch as an area in the
visual field, where the RMS wavefront error does not exceed 0.11 pm with respect to
the central value of the patch (this is equivalent to Strehl ratio being reduced to 1/e =
0.37). This boundary value of the RMS is more realistically achievable criterion over
a 6 mm pupil, compared to the Maréchal criterion, which locates value of the RMS
wavefront error below the value of A /14 for diffraction limited systems. We shall use
this definition of the isoplanatic patch. Rotationally symmetric optical systems exhibit
symmetric distribution of field aberrations that can be characterized in annular zones
of the field [52], whereas for the optical systems, that lack any type of symmetry,
e.g. the human eye, the characterization of image quality involves larger number of
field points. Knowing the isoplanatic patch could help to find the optimal number
of reference points required for modeling the imaging properties of the system. In
the case of system reconstruction, one should position the probing sources within the
angular distance comparable with the size of the isoplanatic patch.

We are aware, that for non-symmetrical optical systems such a human eye, the shape
of the isoplanatic patch may be irregular (instead of being circular like in symmetrical
systems), and hence the number of meridians and sampling points, that examine the
tield of view should be much greater. However, we measured the 10 by 10 degree
visual field only in two meridians, and with 3 and 2 degree of increments, we shall be
able to give an estimate size of the isoplanatic regions for our 25 young subjects. We
estimated the sizes of the isoplanatic regions for each eye using residual wavefronts,
which are a results of subtracting of the foveal (reference) wavefront from wavefronts
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measured at all eccentricities. This method can be found in previous studies [153-
156]. Subtracting the reference, on-axis wavefront can be regarded here as a result
of perfect adaptive optics (AO) correction, when the corrector is conjugated to the
pupil. Table 3.3 below, shows the patch diameters (given in field angle w degree) for
the total RMS, field-dependent astigmatism (RMS of sum of two Zernike astigmatism
coefficients ¢(2,-2) and ¢(2,2)) and field curvature (focus error off-axis). It contains
the results for each group of eyes we discussed in the previous section, along two
meridians. It also presents the mean isoplanatic patch size calculated for all subjects

investigated in our young population study.

Table 3.3: Assessment of the isoplanatic patch, 1 SD.

HORIZONTAL FIELD OF VIEW VERTICAL FIELD OF VIEW
Distribution total RMS Ast Defocus  total RMS Ast Defocus
group (deg) (deg) (deg) (deg) (deg) (deg)

Quadratic  2.30£0.73 4.54+1.39 5.53£2.62 2.16+0.79 5.14+1.63 4.23+2.64

Flat 2.75£0.19 6.05+£0.81 4.98+1.40 2.50£1.10 5.56+£255 4.08+1.95
Odd 2.55+1.29 5.17£153 4.76£2.61 1.75£0.29 3.36£0.90 4.95+2.44
ALL 247+£093 5.01+£1.42 5164236 2.13£0.81 4.90+£1.81 4.31+2.39

Our results are comparable with previous findings, estimated for 6 mm pupil size and
used of foveal wavefront subtracting method. Maida et.al, found the patch diame-
ter laying between 1 and 2 degree, however they measured only two subjects, which is
rather poor indication for a good statistics [153]. Tarant and Roorda [156], performing
the Maréchal criterion for a 5 subjects, gave the patch dimension being between 1.80
and 2.64 degree in diameter [138]. Dubinin et.al, calculating the mean square wavefront
error being less than 1 rad” as a isoplanatism criterion, over a 4 mm pupil for 4 sub-
jects, evaluated the isoplanatic region as 1.5 to 2.5 degree. From the table above, it can
be clearly seen, that the individual aberrations groups have larger isoplanatic patch, it
is for example around 5 degree for defocus (field curvature) and field-dependent astig-
matism. This wide isoplanatic region dimension for astigmatism and field curvature
is rather surprise, however we shall still keep in mind, that, we investigated young
eyes with moderate amount of refractive errors and with Badal correction set prior to
measurement. Another reason for such a large patch diameters (for field-dependent

astigmatism and field curvature) comes from a fact, that we took a criterion larger
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than a classical Maréchal, which in our case would gave the RMS to be less than
0.048 um, for the wavelength of A = 0.677 um. It is also relatively easy seen the dif-
ferences between each of group of different RMS distribution along the field. As we
assumed in previous section, eyes within the non-varying (flat) distribution group are
characterized by larger area of of insignificant RMS variation with respect to the cen-
tral value. Even though we estimated the isoplanatic region only for four directions
in the field (two meridians), it again proves a highly asymmetric nature of the human

eye optical system.
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Chapter 4
Assessment of the Tear Film
Contribution to the Total

Ocular Aberration

Ocular aberrations have recently been studied using improved aberrometers based
on the Shack-Hartmann wavefront sensor that provides much higher accuracy than
other techniques. The purpose of this study was to measure the changes of ocular
aberrations on the visual axis after a single blink, which is directly related to tear film
variation. The accommodation of the eye was paralyzed by 1 percent drop of Tropi-
camide to avoid changes in ocular aberrations due to crystalline lens refocusing. The
optical effect of the tear film on vision is of great interest for eye modeling, corneal
topography and eye aberrometry in general. The data was collected for 5 young eyes
without any corneal abnormalities. Numerical analysis of each single Zernike coef-
ficient (up to 5 order) was performed to study the variations of its amplitude after

blinking.
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4.1 Literature Review

The tear film is the most anterior optical surface. Since it gives a large refractive index
step from air to the tears (from 1 to around 1.333 [157] or even 1.337 [21])it is of a great
importance for performance of the optical system of the human eye. Figure 4.1 is a
graphical visualization of the variation of the refractive index along the optical axis
coordinate in the rotationally symmetric model of the human cornea and tear film

proposed by Barbero [158].
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Figure 4.1: Refractive index along the optical axis coordinate (in millimeters) in the
cornea model. The y axis of the graphic is broken from 1.02 to 1.32 for better visual-
ization. The illustration adopted from [158].

The tear film is a three layer structure composed of mucus, aqueous (main compo-
nent) and lipid as the most external layer as presented in Figure 4.2 based on [157].
Their role is to provide a smooth optical layer on the rough and irregular surface of
the cornea. Thickness of the tear film is typically 3 — 8 um [22]. These three layers
may vary due to different factors such as:

* (a) normal physiology: diurnal fluctuations, menstruation, potentially diet;
¢ (b) environment : air-conditioning, air-pollution, contact lens wear;

* (c) pathological conditions: dry eye, medications, post refractive surgery condi-

tion.

The above factors increase the irregularity of the tear film; and even for healthy eye
the tear film layer is not stable between consecutive blinks. This lack of stability of
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Air Lipid layer 0.02-0.4um

Aqueous layer 6-10pm

Mucous layer 0.02-0.05pm

Figure 4.2: Schema of the three layers, which form the pre-corneal tear film. Lipid
layer - coats the aqueous layer by providing a hydrophobic barrier. It retards evap-
oration and prevents tears spilling out. Aqueous layer - mainly built with water. It
helps in spreading of the tear film and promotes the control of infectious agents and
osmotic regulation. Mucous layer - built with mucin. It coats the corneal epithelium
layer providing a hydrophilic layer. It also helps in even distribution of the tear film.

the tear film layer, appears as local changes in thickness or disruptions, that introduce
aberrations into the optical system of the eye. Furthermore, complete break-up in the
tear film exposes the rough corneal epithelial surface and may increase optical scatter.
It is not difficult to predict the degrading role of these effects for retinal image quality
and it has been already reported [22,93,95-98,159-161].

However the nature of the tear film entails some difficulties in exact understanding
of its influence for entire optics of the eye, it is possible to observe its usual behavior
after it is redistributed by the eyelids. After single blink a tear film require some time
to provide a smooth and continuous layer over the cornea. This process is widely
known as "build-up" and was first observed by the Janos Németh et al. [160]. Using a
high-speed videotopographic measurement technique, they found the tear film build-
up time to be approximately 3 to 10 seconds, which is in fact a wide range. After this
time, the tear film layer undergoes a degradation process clinically called tear film
"break-up" [162,163]. The break-up in tear film surface is schematically presented in
Fig. 4.3.

Many researchers have been studying the nature of the tear film, its topography and
influence on the optical properties of the eye. Li and Yoon, using the Shack-Hartmann
(SH) wavefront sensor (that is more suitable to tear film detection than corneal topog-

raphers), observed variations in wavefront caused by increasing irregularities in the
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Figure 4.3: Schematic illustration of tear film evolution on the corneal surface: (a)- tear
film stability phase is characterized by the uniform distribution of tear, (b)-thinning of
the tear film, diffusion of lipids to the mucous layer (c) - tear film break up, pre-corneal
surface is not coated any more. Rough cornea and scatter can effectively degrade the
image quality on the retina.

tear film [97]. An earlier study by Thibos et.al demonstrated that the SH wavefront
sensing technique is sensitive enough to examine the optical changes induced by the
pre-corneal tear film fluctuations [115]. Measurements have also been made using
lateral shearing interferometry [22,95]. Dubra et.al concluded, after his study of 21
subjects, that the tear topography may significantly degrade the image resolution in
the scale of seconds after perfect static aberration correction with deformable mir-
ror [95]. Very recent study by Szczesna and Iskander, demonstrated a high quality of
interferometric measurement of the tear film and uncovered even more phases of its
distribution over the cornea [96]. According to their work, it is possible to charac-
terize up to five different phases of tear film surface kinetics: (1) initial fast tear film
build-up phase, (2) further slower tear film build-up phase, (3) tear film stability, (4)
tear film thinning, and (5) tear film disruption (after a detected break-up). Work of
Gruppetta et.al, where they used a curvature sensing setup, confirmed variation in
optical quality due to the tear film [98]. Our aim, which joins all the studies men-
tioned, was to measure the changes of ocular aberrations on the visual axis after con-
secutive blinking, which is directly related to variations in the tear film distribution
on the cornea. The optical effect of the tear film on vision is of great interest for eye

modeling, corneal topography and eye aberrometry in general.

4.2 Experimental Procedure

The data was collected for 5 young subjects with healthy eyes measured and recorded
at 12 Hz. Their age was between 26 and 29 years and had a mean value of 27.5 years.
Spherical refraction was in the range from 0 D to 1 D and up to 0.75 D in cylinder.
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One drop of Tropicamide 1 percent was applied to the eye in order to dilate the pupil
and paralyze accommodation. For each series of measurements after a blink, the eye
was aligned with the optical axis of the aberrometer, the Badal stage was adjusted
for the best sphere and the pupil tracking system was following horizontal and ver-
tical movements of the eye (see Fig. 4.4, (A,B) case for reference). This arrangement
ensured that the aberrated wavefront was always measured with respect to the cen-
ter of the pupil. Each measurement was performed immediately after the blink, and
consisted of 20 frames within 12 seconds of non-blink interval, which gave approxi-
mately 0.6 seconds intervals between consecutive frames. This was sufficient to esti-
mate the standard deviation (SD) after a single blink. A series of 10 measurements
(trials) taken after 10 blinks provides an estimation of the SD for multiple blinks. Sin-
gle frames (wavefronts), with a blink appearance before the time of 12 seconds were
excluded from our analysis set. Each subject had an opportunity to practice its ability
to hold stabile fixation at the central point on the fixation target. The diameter of the
measured pupil was 6 mm. Figure 4.4 presents two single frames (A,B) of the subject
EUG captured 2.35 seconds and 11.57 seconds after the blink respectively. It is clearly
seen, that after a certain time interval the tear film breaks-up, the surface is disrupted
and hence the quality of SH spots is degraded.

Figure 4.4: Image A presents a Shack-Hartman (SH) spots pattern for subject EG after
about 2 second from a single blink. Image B shows a SH pattern degradation after
about 12 second from a single blink. Note, that pupil tracker recorded about 0.22 mm
pupil horizontal drift, which is less than 4 percent of the pupil diameter (note, that the
CCD is rotated at 45 degree to the horizontal meridian of the eye in order to achieve a
better sampling and larger dynamic range for astigmatism [142]).
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The nature of the experiment is such, that besides the optical effect of tear film varia-
tion, it also takes into account several different factors. These are mainly various eye
movements, that may cause unwanted misalignment during data collecting process.
Eye movements have the potential to affect the reliability of data. The eye movements
can significantly degrade the quality of measurement and they are usually catego-

rized according to their temporal characteristics:

* Ocular tremor (sometimes called physiological nystagmus). Tremor, however
aperiodic, is a wave-like motion of the eyes. It oscillates with a frequency range
from 90 Hz to 150 Hz and has a low amplitude of 0.025 um to 2.5 ym. Although
the ocular tremor movement is measurable its contribution to the maintenance

of vision is rather not clear.

* Ocular drifts. These are slow motions of the eye, during which the object of
fixation can move across a dozen number of photoreceptors (about 1 arcmin per
0.2-1 second). The drift movements, generates by the oculomotor system, play
an important compensatory role in maintaining accurate visual fixation in the

absence or poor performance of microsaccades (see next).

* Microsaccades (also called "flicks" in early studies). They are small (about 25 ms
duration, can move retinal image across 5 arcmin) jerk-like movements occur-
ring during voluntary fixation. However, their possible role is to correct dis-
placements in eye position produced by drifts, the accuracy of potentially cor-

rection from microsaccades is limited [164].

In order to ensure, that our experimental data does not show significant influence
from other factors (like the eye or/and head movements), two post-processing steps
has been made to prevent inaccurate data points that affect the tear film measure-
ments. Firstly, the number of trails (n = 10) with no obvious movements of the center
of the pupil or another undesirable factors (sudden blink) judged by the examiner at
the measurement process, were chosen for further analysis (note that total number of
experimental trials for each subjects to around 20). Secondly, for each of 20 wavefronts
within a single trial, a pupil centre displacement distance d was found calculated as:

d=/(x*)+ (), (41)

where x and y are coordinations determining position of pupil centre relative to a cen-
tre of CCD in the horizontal (x) and vertical (y) meridians in the entrance pupil plane
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of the human eye. Knowing the distance of displacement of the pupil centre and the
total RMS wavefront error for each of 20 frames along the 12 seconds trial, calculation
of a correlation coefficient (1) (Pearson’s coefficient) was performed. The correlation
coefficient is a quantitative measure of mutual relationship when comparing sets of
data. In other words, it tells us whether any relationship exists between pupil dis-
placement and the total RMS and how strong it is. The r coefficient does not depend
on the units or the choice of variables, and always lies in the range (1,1). Following

Bland [149], we can express r for any pair of observations, denoted by (x;,y;):

r= VE(xi — %) (yi —7)
VEx —8)2) + (i —9)?) 4.2)

A square of r is known as coefficient of determination. For two linearly related vari-

ables, > provides the proportion of variation in one variable, that can be explained
by the variation in the other variable. For instance, if > = 0.25 or 25 percent it means
that approximately 25 percent of the variation in the variable y can be explained by the
variation in the variable x. It is basic statistical tool, yet it is sufficient for the first step

for eliminating most of inaccurate measurements.

Subject MC, trial no. 1, r=0.84, 75% of correlation (total RMS and d)
T T T

r - = -

ARBITRARY units
/
N

Time (seconds)

|
10 12
—total RMS - - - coma (3,-1) RMS

—displacement distance (d)
Subject MC, trial no. 9, r=-0.07, 0.49% of correlation (total RMS and d)
T T T T

ARBITRARY units
L

Time (seconds)

Figure 4.5: An example of the correlation assessment between distribution of the to-
tal RMS (blue line) and pupil displacement d (red line). For better illustration, the
Zernike vertical coma coefficient ¢(3,-1) distribution is also shown.

Figure 4.5 presents an example of a correlation assessment between the distribu-
tion of the total RMS (blue line) and displacement distance of the pupil centre 4 (red
line) from the CCD centre. It also shows the distribution of vertical coma coefficient
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c(3,-1)(dashed line) in respect to both curves (note, that arbitrary units are used for an
illustrative purpose, units of the coma and total RMS wavefront error were measured
in microns, whereas the displacements of the pupil centre is shown in millimeters).
The Zernike vertical coma coefficient ¢(3,-1) curve was plotted additionally, since its
variation in amplitude is often a good indicator for pupil displacement. The corre-
lation coefficient for aberration coma and the pupil displacement d was also checked
for all cases, but it likely appeared significant together with not negligible correlation
between the total RMS and d. Both presented trials for Subject MC were taken under
the same conditions after a precise alignment of the pupil centre with the optical axis
of the instrument. In the first case of trial no. 1, it is clearly seen that the value of  is
not negligible (being 0.84 positive) and both distributions are well correlated (75 per-
cent). This observation disqualified the data set from trail no. 1, since all wavefronts
would be affected mainly by the drift of the pupil centre. Although, the trial no. 1
was lost for this subject, trial no. 9 showed a minimum correlation between both dis-
tributions. In this case, the correlation coefficient appeared much smaller and there is

no significant signs of mutual correlation of the total RMS and pupil displacement d.

The second "qualification" was focused on a single wavefronts within already qualified
trails. Here we adjusted sensitivity for the pupil centre movements by creating a
tolerance range of £250 um from the "zero" position (the initial central point, is the
pupil centre aligned with the centre of the CCD detector) in the horizontal and vertical
directions. This aims to reduce effects occurring from the random motions of the
eye (eye drifts [164])during measurements. The 250 um tolerance is approximately 4
percent of the 6 mm pupil diameter. Figure 4.6 illustrates this "sensitivity window". All
solid dots correspond to a position of the centre of the pupil recorded for each single
wavefront (n=20) measured along 12 second time. Red dots represent positions of the
pupil centre outside the tolerance range and hence wavefronts associated with those
points were removed from further analysis. The choice of this sensitivity window of
+250 um arose from the fact that for even an experienced subject, keeping their eye
within the required range was not straightforward. Decreasing dimensions of our
"window" even to £200 um would result in additional removing more than 15 percent
of data, which in total would give almost 50 percent (averaged) of data waste.

Our two steps evaluation process eliminated 321 frames (wavefronts) were removed
from the total number of 1000 measurements points collected for all subjects in order
to do more reliable analysis (5 subject, 10 trials each, 20 wavefronts within single trial).

This gave us about 68 percent of remaining data that is used in the following analysis.
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Pupil centre position
Subject MC, trial no. 8 05+
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3

Horizontal displacement, x (mm)

Figure 4.6: An illustration of the "tolerance" window for the center of the pupil dis-
placement. The red dots correspond to the rejected measurements, since the pupil
center drifted too far from the initial center of the coordinate system.
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Figure 4.7: Mean values of Zernike aberration coefficients (n = 100 wavefronts) ob-
tained from an artificial eye for a 6 mm pupil diameter. Error bars are £1 SD.

We are aware that all changes within gathered wavefronts were caused by some other
factors, but we assume, that we measured the optical effect of the tear film fluctua-
tions on the corneal surface with sufficient certainty. Figure 4.7 presents a noise level
for our instrument. It shows an averaged values of 18 Zernike coefficients obtained
with a consecutive measurements of an artificial eye (AE). As in the previous Chap-
ter, the AE consists of a diaphragm, achromatic doublet lens f = 50 mm and the piece
of white paper acting as a reflection medium. The averaging includes data collected
over 5 single measurements (100 single wavefronts) from which a standard deviation
error (SD) was calculated. The mean total RMS error is equal to 0.025 £ 0.001 um SD,

which we regard as noise level of the aberrometer. Small values of the SD error,
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approximately 0.001 y for the 2" and the 3 order Zernike aberrations, indicate rea-
sonably good repeatability and stability of the aberrometer itself.

A significant effort has been made to find interactive pattern between the optical
system of the human eye and cardiopulmonary or respiration systems of the hu-
man body. As an example it is worth referring to recent work of Michael Muma
and Robert Iskander [165]. By using nonstationary measures of signal coherence,
they found some moderate interactions between the respiration, and weak coherence
between the blood pulse and the eye’s aberrations. However, the influence of car-
diopulmonary system on aberration dynamics of the human eye has been found to
be high [159], there is still some obscurity regarding the weight of the mutual in-
teractions between these two factors as Hampson et.al showed rather weak correla-
tion [166]. With the selection process, described above, we assume that in our selected
data the strongest contribution to the ocular aberration fluctuation, within 12 seconds

time period, comes from the tear film.

4.3 Experimental Results

Figure 4.8 shows a distribution of the remaining RMS wavefront error ("x" - data point
markers) along the 12 seconds time period after a single blink. A single data point rep-
resents the RMS of each individual wavefront reconstructed with the Zernike poly-
nomials up to 5 order. The list of experimental trials qualified for further analysis is
always given for a particular subject, however the total number of single data points
within one full trial is not always equal 20. The blue curve shows the variation of av-
eraged total RMS. At this stage, we cannot analyse our experimental data, since here
we present only original or "raw" data after data collection and reliability assessment
processes. We shall keep in mind here, that using only total value of the RMS is not
sufficient to describe the optical effect of the tear film variation. Nevertheless, Fig. 4.8
gives an idea about how the RMS may vary along the time axis. It also shows the
total number of data points gathered for each subject. For instance, the mean distri-
bution curve of the RMS for Subject MC is characterized by the lowest number of data
points, which may cause the data to be less reliable compared to the rest subjects from
our study. However, before we make our final judgement we shall look more into the

details of our results.
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Figure 4.8: Distribution of the selected data points (wavefronts), and the mean to-
tal RMS wavefront error along the 12 seconds time period after a single blink for 5
subjects. The RMS wavefront error for a single data point was estimated including
Zernike terms up to 5 order. The mean RMS (mark as blue, thick curve) is an aver-
aged value of each trial RMSes for particular time point. Note, that the scale in the
vertical axis (RMS in microns) is different for each subject.

In order to find evolution of the tear film wavefront RMS, we computed the residual
wavefront map Wr for each data point. To do so, firstly we define the reference wave-
front phase map Wg, for each trial. The reference aberration wavefront Wg, is the
averaged wavefront of all single frames qualified for a given trial within 12 seconds.
Next, the residual wavefront maps were obtained by subtracting the reference wave-
fronts from each single experimental wavefront W; independently of its position on
the time scale. A simple expression, that describes this step in data analysis is given
below:

Wr = W; — Wger (4.3)

Computing the residual wavefront map allows us to follow the changes in aberrations
induced by the tear film variation. Figure 4.9 illustrates graphically the results of
subtracting W, s for Subject EG. Looking at the residual wavefronts Wr one can easily

see the variation of the RMS caused by the evolution of the tear film on the corneal
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surface. Note, that for clarity, only 8 phase maps from the total of 20 are shown, but
still we are able to observe the gradual increase in the residual RMS with time.

0.5s 1.73s 2.96s 4.19s 5.42s 6.65s 7.88s 9.11s
RMS =1.077um RMS = 1.128um RMS = 1102um RMS =1.209um RMS=1.107um RMS= 1075um RMS=1.13um RMS=1.154um 2
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Subject: EG, trial no. 7
Figure 4.9: Set of phase maps of Subject EG (trial no. 7). Averaged (reference) wave-
front Wst was subtracted from original wavefronts W; in order to find residual wave-
fronts Wr. Note, that for clarity, only 8 phase maps from the total of 20 are shown
and the capture time is displayed for each pair of W; and Wg. All wavefronts were
reconstructed by 18 Zernike aberration polynomials 9tp/tilt removed) over a 6 mm
pupil diameter.

original wavefronts W; RMS = 01.125um 05

averaged, reference wavefront
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Figure 4.10 presents effects of subtraction for all subjects in our experimental group
(some curves may be incomplete due to the selection process). Although at first sight
it may appear as a random distribution, we shall be able to distinguish its essential
phases at this stage. Considering the evolution of the residual RMS value for single
trials one can easily seen an increase of the wavefront error immediately after the
blink. This may be associated with the build-up time of the tear film. After certain
period of time, which varies within subjects, a tear film break up phase takes a place,
which results in increasing of the residual wavefront error RMS. Although Fig. 4.10
allows us to track variation of the individual trial, it does not give a clear evidence
about the influence of the tear film on the intrinsic aberrations of the eye. Thus, our
next step is to find a mean values of the residual RMS from data points assigned to
the same time interval after a single blink.

Results presented in Fig. 4.11 show a typical variation of the residual RMS wavefront
error for 12 seconds after a rapid blink. This method of obtaining the mean values
of RMS, calculated directly from single data point wavefront RMSes, leads us to use

the absolute values of each Zernike coefficient and thus, a maximum amplitude of
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Figure 4.10: Evolution of the residual RMS wavefront error for single trials (data se-
ries) over 12 seconds for each subject after single blink (point "0" on the time axis). As
a result of subtraction, each new "residual" trial is shown with a different colour. Note,
that the scale in the vertical axis (RMS in microns) is different among the subjects.

averaged RMS value may be observed for each eye. Our results presented in Fig. 4.11
indicate that the tear film affects the amount of total ocular aberrations and its contri-
bution to the overall RMS value varies from eye to eye. Similarly to our previous con-
siderations we are able to identify noticeable changes in the distribution of the mean
(absolute) RMS error. All our measured eyes exhibit an initial drop of the amount of
residual aberrations. Furthermore, as a consequence of build-up time, the region of
the lowest value of the wavefront error, which correspond to the stability phase of
the tear film, may be observed. After these two phases of the tear layer distribution
on the front corneal surface, the tear film disruption take a place. Evidently the time
duration for each phase varies from eye to eye, but we can give the averaged time
during which, the RMS error of the residual wavefront reaches its minimum. It is on
average 5.0 & 1.6 seconds (SD) after a rapid blink. We are also able to approximately
identify the averaged stability time Ts as from 3.0 to 6.4 & 0.8 seconds (SD). This is in
line with previous findings of Németh et.al, who found the corneal surface to be more
regular between 3,2 and 11.0 seconds after a blink [167].

In order to illustrate some other findings from the data analysis, we shall consider the
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Figure 4.11: Evolution of the mean residual RMS wavefront error over 12 seconds for
each subject in our experimental group, +1 SD. Note, that presented mean values
of the residual RMS were obtained by averaging the RMS values from Fig. 4.10, for
each point on the time axis. It means, that here we deal with absolute values of each
Zernike coefficient in order to obtain a maximum amplitude of mean wavefront.

next stage. At this point we shall look for evolution of single Zernike coefficient or
Zernike aberration families. When examining the distribution of Zernike coefficients,
we assumed that all movements of the eye are minimized and the eye accommodation
is fully paralyzed and hence the variations in ocular aberrations can be attributed to
the tear film. This is, however, an optimistic assumption, since we are already aware
of a number of dynamic factors in the eye. On the other hand we believe that the
strongest influence on changes in the total RMS of ocular aberrations comes from the
tear film. Figure 4.12 shows three Zernike aberration orders from the 2™ to 4" and
evolution of the mean RMS wavefront shown as a thick blue curve. It is important
to point out that we average each Zernike coefficient at the same location in time,
and hence we include the information about the sign differences between Zernike
aberration coefficients. It results in lower values of the mean RMS compared to those
in Fig. 4.11(absolute RMS values).

In order to evaluate image degradation in the eye due to the tear film, we show the
theoretical level of diffraction limit (black, dashed line). This limit helps to assess the
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image quality and it is known as Maréchal criterion (1947). It states that the optical
system is usually referred to as a diffraction-limited one when RMS < A/14. It means,
that below this level (i.e. 0.048um = A/14,A = 0.677 um) the dominant factor in de-
grading the image quality is diffraction of light. It also corresponds to 0.8 of Strehl

ratio.

Figure 4.12 gives an idea how different Zernike aberration orders are fluctuating
along 12 seconds of measurements after a single blink. It can be seen, that, not surpris-
ingly, very strong contribution to the total amount of residual wavefront error RMS,
comes from the 2" Zernike aberration order. The Zernike aberration coefficients from
the 3, and 4" fluctuate with a comparable amplitude along the level close to the one
of diffraction limit. The aberration terms from the 5 were not plotted, since its sig-

nificance for the total amount of aberrations is negligible.
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Figure 4.12:  Evolution of residual Zernike aberration coefficients (orders
2md 3rd gpdath) during 12 seconds after a single blink. Here, each Zernike coefficient
was averaged preserving its sign. The black, dashed, horizontal line corresponds to
the diffraction limit for the wavelength of 677 nm, used in experiment. For the sake
of clarity, error bars have been omitted.

As we have already mentioned, the Zernike coefficients from the 2" order deter-
mine the weight of aberrations induced by the changes in the tear film topography.

Figure 4.13 illustrates variation of the Zernike aberration defocus coefficient c(2,0),
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and combined terms of the 2" order Zernike astigmatism family (i.e ((c(2,—2)? +
c(2,2)%)172)).
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Figure 4.13: Distribution of the residual mean Zernike lower-order aberration coeffi-
cients: defocus, and a combined astigmatism family including Zernike astigmatism
coefficient 45 — 135 ¢(2,-2) and 90° — 180° ¢(2,2), during 12 second after a single blink.
The black, dashed, horizontal line corresponds to the diffraction limit for the wave-
length of 677 nm, used in experiment. For the sake of clarity, error bars have been
omitted.

This gives an idea how these aberration term are evolving after the tear film is redis-
tributed by the preceding blink. We can observe various evolution patterns of Zernike
defocus and astigmatism and compare their amplitudes to the diffraction limit level.
In the case of Subject EG, lower-order terms exhibit large variation after 6!-second
of measurement, indicating, that the tear film break-up process has started after this
point. Using the same vertical scale we can compare this distribution with two other
subjects MT and CN. Subject MT shows more variation from combined astigmatism
terms after possible break-up time, whereas subject CN displays less variation in
terms of lower order terms, being below the diffraction limit. Compared to subject
DR, subject MC shows more stabile pattern between 15t and 8" second, whereas in
the case of subject DR, Zernike defocus aberration plays a main role above the line of

0.048 um. We are aware that because of limited number of subjects in this study, the
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clear statement about the distribution patterns of the Zernike 2" order aberrations is
not possible (similar to the findings of Shizuka Koh et.al, and their higher-order aber-
rations distribution pattern [168]). Which of the 2" order Zernike coefficient is more
susceptible to the tear film fluctuation? There is no simple answer to this owing to

high inter-subject variability and relatively small sample (5 subjects).

It has been shown that even relatively small-amplitude, higher-order, irregular aber-
rations (HOA) found in normal healthy eye significantly degrade the image quality
on the retina [9,147,159]. Higher-order aberration terms are also found to fluctuating
as a results of optical changes in the tear film [93,98,115,161,163,168,169]. Moreover,
the study of Zhu and Iskander showed some strong relations between higher-order
terms and the cardiopulmonary system [159]. Some authors, for instance Zhu et.al,
concluded their study with a statement that measurements of the higher-order aber-
rations may give an answer about tear film dynamics and its effect on the quality of
vision [168]. In light of this, we shall look for residual values of higher-order terms.
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Figure 4.14: Distribution of the combined, residual mean Zernike higher-order aberra-
tion coefficients: coma, trefoil coma, quadrafoil, 2" astigmatism, and spherical aber-
ration, during 12 seconds after a single blink. The black, dashed, horizontal line corre-
sponds to the diffraction limit for the wavelength of 677 nm, used in experiment. For
the sake of clarity, error bars have been omitted.
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Figure 4.14 depicts higher-order Zernike coefficients grouped in the families of the
same kind of aberration. We picked the higher-order terms only up to 4/ order, since
Zernike aberration coefficients from the 5 order are likely to oscillate close to the
"zero" level in amplitude. At first sight, a decomposition of the higher-order terms
looks more random than lower-order distribution in Fig. 4.13. It is due to the fact
that they are more sensitive to the changes caused by the tear film distribution on the
corneal surface (e.g. local changes in thicknesses of tear or refractive index changes
between optical surfaces). Although, it is not easy to give a full interpretation of
experimental data based on Fig. 4.14, we shall be able to spot some characteristic
details. Subject EG shows a dominance in amplitude from a trefoil coma group and
significant drop of all presented terms at about 4" second after a single blink. Subject
CN, with a similar amplitude of the HOA, indicates even longer time interval between
the build-up and brake-up time. In this case, a coma-like group mainly enveloping
the other higher-order terms. Subjects MT and MC do not display any significant
tendency, whereas subject DR attracts our attention due to highly ordered distribution
of the HOA along the 12 second period.

In order to see more clearly how the higher-order Zernike aberrations fluctuate in
amplitude, we use Figure 4.15. It shows the residual RMS of the HOA for each eye,
which helps to understand a general behavior of these terms, after a tear film is redis-
tributing on the front surface of the cornea. Here again we calculated the mean results
from an absolute values of the HOA RMS, which is useful indication of the total RMS
wavefront error at a given point in time. The SD values illustrate variation of the
HOA residual RMS between experimental frames. It is easy to spot a sinusoidal dis-
tribution for subjects MT and DR in time. Perhaps it is not representative observation,
nevertheless the Zernike coefficients from the higher-order group show characteristic
decomposition, which can be related to the changes in the tear film topography. Fur-
thermore, a sudden rise of the SD error may indicate a lack of stability of the layer of
tear. This is in line with previous results of Koh et.al, which clearly showed, that the
HOA after tear film break-up were significantly increased compared with those prior
to tear film break-up [163].

Figure 4.16 shows the group average standard deviation (SD) of each Zernike coef-
ficient (up to the 5" order) and their standard error of the mean (SEM).This shows
which of the single Zernike coefficients varies the most within full set of 18 terms due
to the pre-corneal tear film fluctuations. Usually the variations of total RMS wave-
front error is due to the fluctuation of the lower-order terms. However sometimes

higher-order Zernike aberration terms might give a significant contribution to the to-
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Figure 4.15: Distribution of the mean, absolute values of the residual higher-order
RMS wavefront error +1 SD. Higher-order aberration terms include 3", 4" and 5"
Zernike aberration orders.

tal RMS wavefront change. The amplitude of variation for each Zernike component
differs from eye to eye. For subject EG, the highest variation can be observed for
the defocus coefficient ¢(2,0) equal to 0.16 £ 0.04 um of the SD wavefront error. The
amplitude of variations of the remaining aberration terms decrease as the Zernike
order increases. Subject MT indicates the highest fluctuation for the "with-the-rule"
Zernike astigmatism coefficient ¢(2,2), and similar level of variation (about 0.04 pm1)
for Zernike terms from the 3" level. Similar situation may be observed for subject CN,
with small differences in amplitude between Zernike aberration coefficients: vertical
trefoil coma ¢(3,-3), horizontal coma ¢(3,1) and horizontal trefoil coma ¢(3,3), vertical
coma c(3,-1). In case of subject DR, besides the large amplitude of fluctuation from
the 2@ order terms, there is a significant variation of horizontal trefoil coma ¢(3,3),
secondary diagonal astigmatism c(4,-2), spherical aberration c(4,0), and horizontal
quadrafoil c(4,-2) Zernike aberration coefficients. The vertical coma component ¢(3,-1)
reaches the highest level of the SD wavefront error, being at 0.13 = 0.03 um, for subject
MC. It also displays non negligible magnitude of variation for the horizontal trefoil
coma ¢(3,3) and secondary vertical coma c(5,-1) coefficients. For this subject, diagonal

astigmatism c(2,-2) and Zernike defocus aberration are on the same level in terms of
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variation magnitude, being around 0.09 pum.
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Figure 4.16: Group mean standard deviation (SD) of each subject for each Zernike
aberration coefficient. Data presented, are the mean of multiple trials for a particular
subject. Error bars are +1 SEM. Red dots represent these of the Zernike aberration
coefficients that are significant correlated with the time after a blink. Statistical signif-
icance was set to the p < 0.05 level.

Red dots in Fig. 4.16 indicate the Zernike aberration coefficients, which were found
to be significant correlated with the time after the blink. In order to find such a cor-
relation consecutive paired Student’s t-tests were performed for each Zernike aber-
ration coefficient. Statistical significance was set to the p < 0.05 level. Within our
group of 5 eyes, the most frequent aberration coefficients that undergo a significant
fluctuations with a time after the blink are: horizontal astigmatism c(2,2)(p = 0.004),
spherical aberration c(4,0)(p = 0.001), and coma-like aberration coefficients: vertical
trefoil coma c(3,-3)(p = 0.006), horizontal trefoil coma ¢(3,3)(p = 0.01), vertical coma
c(3,-1)(p = 0.01) and secondary vertical coma c¢(5,1)(p = 0.01). This suggests that not
all aberration terms are sensitive with the same magnitude to the tear film fluctua-
tions.

The additional amounts of the RMS wavefront error caused mainly by fluctuation of

tear film on the corneal surface are presented in Table 4.1. The Zernike aberration
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orders from 2 to 5" and the mean RMS error, show variation in residual wavefronts
due to tear film changes. It also shows inter-subject variability. Although the number
of subjects in this study might be not sufficient for far-reaching conclusions, we were
able to detect a non negligible optical effects of tear film due to its temporal variation
on the cornea. The main value of residual RMS indicates that the amount of wavefront
aberrations, caused mainly by the changes in the TF, is oscillating around RMS =
0.11 £ 0.05 um SD. The importance of this estimation is such that it is equal to the
amount of RMS wavefront error for the region on the retina considered as isoplanatic
patch in previous Chapter.

Table 4.1: Additional wavefront aberration caused by a tear film variation (given in
RMS error). Errors are + 15D(standard deviation).

Subject mean RMS 2™ order RMS 3 order RMS 4" order RMS 5 order RMS

pm pm pm pm pm
EG 0.06 £0.02 0.04 £0.02 0.03+£0.01 0.02+0.01 0.02+£0.01
MT 0.06 £0.02 0.05+£0.02 0.02+£0.01 0.020 £0.005  0.010 £ 0.004
CN 0.05+£0.02 0.04 £0.02 0.02 £0.02 0.01+£0.01 0.010 £ 0.004
DR 0.13£0.06 0.10£0.05 0.04 £0.03 0.05+0.03 0.03+£0.01
MC 0.11 £0.05 0.10 £0.05 0.05+0.02 0.04 £0.02 0.04 £0.01
Mean 0.10£0.04 0.06 £0.03 0.03+£0.01 0.03+£0.02 0.02+0.01

Table 4.2, presents values of the RMS of grouped Zernike aberration terms that were
found to be highly correlated with a time after a blink. From Fig. 4.13 it can be clearly
seen that the contribution from 2% order astigmatism terms to the variation of the
residual RMS is crucial for some subjects. The higher-order aberration coefficients
shown in Table 4.2 are coma-like aberrations and spherical aberration. In order to see
the distribution of these aberrations in time after a blink one can refer to the Fig. 4.15
where the amounts of the RMS error of the grouped higher-order aberrations as a
function of the time after a blink are plotted. It clearly shows that coma-like aberra-

tions undergo the largest variation in amplitude after a single blink.

From our data analysis presented in this chapter we can conclude that wavefront
aberrations should be measured carefully to avoid the undesirable effects of pre-
corneal tear film evolution (e.g. break-up). This is especially important in wavefront-
guided refractive surgery. The Shack-Hartmann based wavefront measurements, may
be a reliable tool in analysis determining the effect of the tear film after blinking on

the optical quality of the entire eye. In light of such a "delicate" matter like the tear
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Table 4.2: Additional wavefront aberration caused by a tear film variation (given in
RMS error). SA stands for spherical aberration coefficient. Errors are + 1SD(standard
deviation).

Subject 2" o. ast. 3"70.coma 37o. tref. coma 5" 0. coma SA
RMS(pm) RMS(um) RMS(um) RMS(um) RMS(pum)

EG 0.028 £0.017 0.011+£0.005  0.026£0.012  0.013£0.008 0.008 £ 0.007
MT  0.038+0.025 0.014+£0.006 0.011£0.005  0.008£0.003 0.007 & 0.0045
CN 0.026 £0.011 0.018+0.014  0.013+£0.008  0.006 £0.004 0.004 £ 0.003
DR 0.043£0.030 0.028+£0.020 0.030£0.024 0.017£0.013 0.025+0.021
MC  0.041+0.035 0.0404+0.020 0.030+0.011  0.015+0.011 0.015+£0.015

Mean 0.035+0.008 0.022+£0.011  0.021£0.009  0.012£0.005 0.012£0.008

film distribution on the corneal surface, we shall be aware of some factors that can

make difficult our final judgement of its impact on vision. These are main factors: eye

movements, accommodation, errors in alignment.
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Conclusions

The main purpose of the thesis is to acquire a better understanding of image forma-
tion in the human eye. Considering the overall effect on the peripheral image quality
on the retina we shall note that the retinal image will be aberrated not only by lower-
order Zernike terms (e.g. astigmatism and defocus), but also by the higher-order
terms. One of the main goal in measuring the field dependent aberrations is to ex-
plore the symmetry and its presence in various characteristics of the optical system
of the eye. The knowledge about these gives us an opportunity to interpret the field
aberration pattern in terms of the optical structures of the eye and the shape of the
retinal surface and in particular its position (orientation) with respect to the line of
sight.

Our experimental data for a young population has confirmed the previously-reported
significance of the lower-order aberrations to the image formation on the retina. The
defocus and astigmatism measured experimentally across the central visual field show
larger growth in comparison with the changes of other aberration terms. Understand-
ing the field-dependent nature of lower-order aberrations is of high interest for optical
design of future ophthalmic instruments.

We have shown that the changes in the tear film on the front surface of the cornea
have a non-negligible effect on the fluctuations of the ocular wavefront. This effect
should be taken into account when the optical properties of the eye are reconstructed
from the ocular wavefront measurements [60]. In general, one has to average out

the tear film optical effect when constructing a subject-specific eye model intended
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for wavefront-guided eye surgery or intra-ocular lens fitting. One can do it by time

averaging of wavefront measurements prior to eye reconstruction.

5.1 Field Dependance of Ocular Aberrations

In our study of the field-dependance of ocular aberrations, we investigated 25 eyes
of young and healthy subjects without any optical abnormalities under cycloplegia
conditions. The aberrations of the wavefronts were measured along the horizontal
and vertical meridians up to £5 degree visual field with an aberrometer consisting of

Shack-Hartmann (SH) wavefront sensor and pupil tracking system.

From the comparative analysis of our experimental data and wide-field eye mod-
els we have made several observations as follows. The various aberration groups
show large inter-subject variability and the averaged value of the total RMS error
on axis is approximately 0.5 um, which is consistent with previous findings for a
6 mm pupil [100,129,150]. In order to show a magnitude of subject variability in
our study we look into the mean standard deviation of Zernike terms as shown in
Fig. 5.1. For clarity we show only the data corresponding to the four field points and
the central point at the line of sight. Error bars represent the standard error of the
mean (SEM). The SEM means the standard error of the mean standard deviation (i.e.
SEM = (SD/+/n), where n is the sample size). The statistical tool we choose in order
to calculate the variability is the standard deviation error (SD). In the work of Thibos
et.al. [126] a large population of 200 eyes were measured in terms of monochromatic
aberration pattern using a Shack-Hartmann principle based sensor. They found that
the pattern of ocular aberrations undergoes the Gaussian distribution among popu-
lation, hence it is fair to use the SD here.

Figure 5.1 illustrates inter-subject variability of Zernike aberration terms. We can note
immediately that there is large variation of the horizontal/vertical astigmatism term
c(2,2) with similar amplitude (over the central field) equal to SD = 0.40 £ 0.08 um SEM.
The 3" order coma-like aberrations display a lower level of variability (oscillating
slightly above 0.1 um SD) although, besides the spherical aberrations the 3™ order
terms undergo a significant inter-subject variation among remaining higher-order
aberrations. Spherical aberration c(4,0) varies from eye to eye with a standard de-
viation error SD = 0.10 & 0.02 um. This is the same amplitude as this aberration co-
efficient itself c(4,0) = 0.1 um. This large inter-subject variability, even in the young
eye population, indicates that one needs to consider wavefront aberration data on
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Figure 5.1: Inter-subject variability expressed as the mean standard deviation error
for each Zernike aberration coefficient given in microns. Error bars are + 1 SEM.

individual basis, the generic description is not representative, especially if one is in-
terested in a customized eye model.

The knowledge about statistical distribution of ocular aberrations within a central
visual field is important not only because in our every-day life we use the region of
the retina close to the line of sight (LOS) axis, but also because or retinal imaging
and other clinical applications near the fovea region. We showed a typical amount
of various aberration terms that one should expect over the central visual field for
young eyes. Although our experimental data is especially valuable for modeling of
a typical young eye or design of new ophthalmic devices, yet we shall keep in mind
that because of large inter-subject variation one should be careful in using the term
"typical" eye.

Searching for asymmetries in mean values of aberrations across both meridians we
observed that our 10x10 degree visual field does not display any significant difference
in the total amount of aberrations between nasal - horizontal and inferior-superior
side of retina. For reference see Fig. 3.9 and Fig. 3.10 (Chapter 3 "On-axis and Off-axis
Aberrations of the Human Eye"). Perhaps this similar behavior of the horizontal and ver-
tical meridian is only due to the small region of observation of the field distribution
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of ocular aberrations. At this stage, our results do not confirm previous findings that
the total amount of ocular aberrations is likely to be higher on the temporal retinal
side (nasal visual field) [39,130,132,170].

Figure 5.2 shows the standard deviation (SD) of averaged over 5 field points aber-
ration terms in two meridians. Error bars represent the SEM. This shows varia-
tion of each Zernike coefficient along a given meridian. It can be clearly seen that
the Zernike terms, which fluctuate the most with the field angle are those coming
from lower-order aberrations. As we expected, the horizontal astigmatism term ¢(2,2)
indicates a larger variation in the horizontal meridian SD = 0.11 £ 0.06 um SEM,
whereas the oblique astigmatism c(2,-2) fluctuates more in the vertical meridian with
SD = 0.14 £ 0.06 pm.

Horizontal meridian Jemike coeff: Vertical meridian
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Figure 5.2: Mean standard deviation of each Zernike aberration for averaged over 5
points in two meridians. Error bars are + 1 SEM.

Not surprisingly the Zernike defocus shows the highest variation throughout the vi-
sual field, leading to SD = 0.16 & 0.1 ym SEM in the horizontal meridian, and being
even higher in the vertical visual field SD = 0.21 &£ 0.09 ym. Similarly to the two astig-
matism terms, both components of the Zernike coma aberration fluctuate significantly
in a corresponding meridian. In the horizontal meridian, the horizontal coma compo-
nent c(3,1) showed the variation level of the SD 0.08 = 0.05 um, whereas, the vertical
coma component ¢(3,-1) was found to fluctuate more in the vertical field with similar
amplitude of SD = 0.08 4+ 0.05 um. Remaining higher-order terms from 4 and 5
Zernike aberration order indicate less variation, oscillating around SD = 0.02 um in
both meridians. The two components of trefoil coma fluctuate between field points
with an amplitude of SD = 0.03 £ 0.02 um, except the vertical trefoil coma ¢(3,-3) in the
vertical meridian, where it exhibits a slightly more variation of SD = 0.04 £ 0.03 pm.
This analysis shows that only few terms from the full set of Zernike aberrations (18),

display a significant variation along the horizontal and the vertical visual field. As
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previously described in the Chapter no. 3 (On-axis and Off-axis Aberrations of the Hu-
man Eye), the astigmatism, defocus and coma were found to vary the most with the
field and hence they play an important role in off-axis distribution of ocular aberra-
tions. This conclusion is in line with the previous studies [171] and [133].

We neglected the effect of the elliptical pupil when off-axis measurements were re-
ported. The reason was a relatively small field angle (5 degree) and the fact that our
simulations indicated that this source of error was negligible compared to other noise
sources in the iris-edge detection process. However there is an attempt to quantify the
wavefront aberration with Zernike polynomials over an elliptical pupil in the case of
measurements in the far periphery [172]. There is no accepted format for reporting
off-axis ocular aberrations as of time of writing. For our experiment we were measur-
ing wavefront errors at the circular exit pupil of the aberrometer, which is sufficient
for eye modeling.

Figure 5.3 shows mean values of the defocus coefficient c(2,0) plotted as a function of

field angle (w).
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Figure 5.3: The mean Zernike defocus coefficient c(2,0) plotted as a function of field
angle (w). Error bars are & 1 SD. The mean value ¢(2,0) = 0.71 um of defocus at w =0
has been removed from all field points.

Before we start to analyse Fig. 5.3, it is important to note, that 17 eyes, from the to-
tal number of 25 in our study, were recognized as myopic prior to the experiment.
This explains the mean spherical refraction of -0.55 D. The plots in Fig. 5.3 show the
distribution of the defocus coefficient ¢(2,0) in the horizontal and vertical meridian.
Comparing both meridians one can immediately recognize the vertical meridian as
being more symmetric, whereas the horizontal meridian exhibits more irregularities.
This observation is only valid for the central field, since we are unable to follow de-
focus growth at larger field angles. The difference in the c(2,0) distribution between
both meridians may be attributed to the asphericity and toricity of the retina. The
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retina of a real eye exhibits various departures from a perfect sphere, typically be-
ing more prolate in a myopic group due to larger axial elongation of the eye globe.
As a result, one could expect that the gradual change in defocus occurring off-axis
may be different in the two meridians. The rate of the defocus growth may differ
between two meridians due to the asymmetry of the retina, which has been inves-
tigated previously by measuring peripheral ocular dimensions [173]. A tendency of
the ¢(2,0) coefficient towards negative values in the vertical meridian may be related
to so-called hyperopic shift of focus towards the field periphery and has been previ-
ously reported in myopic eyes [83,124]. There is less indication about general trend in
the horizontal meridian. Perhaps the visual field we have explored in our population
study is not enough to see a general trend in the defocus field variation. The lack of
a clear quadratic field dependence and irregularities of defocus in the central visual
field has been reported earlier [170].

Figure 5.4 depicts the field dependence of the mean 0-90 degree astigmatism coefficient
c(2,2) in both meridians with error bars indicating +1SD. We show only this type of
astigmatism, since it was found to have large impact to the total ocular aberrations
along both meridians. The oblique-oriented astigmatism coefficient c(2,-2) was not
dominant in our measurements; as we expected this term contributes more along the
meridians at 45-135 degree.
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Figure 5.4: The mean Zernike astigmatism coefficient c(2,0) plotted as a function of
field angle (w). Error bars are + 1 SD

It has been suggested that the negative values of ¢(2,2) astigmatism may be due to the
steeper corneal surface along the vertical meridian than along the horizontal merid-
ian. This has been reported earlier [125,142,150]. In the vertical meridian we observed
suppression of the c(2,2) coefficient, which may be attributed to some compensation
on the line of sight axis owing to the cornea-lens balance [80,100]. This can not be

clearly claim here as more data on the aberrations due to the anterior corneal surface
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is needed (e.g. corneal topography together with the wavefront data would help).

Within the higher-order aberration terms, coma aberration increased linearly with the
field position. Figure 5.5 presents these results in details. On the left-hand side, the
horizontal component of the Zernike coma aberration c(3,1) shows linear dependence
with the horizontal field location. It reaches its maximum of 0.11 um at 5 degree nasal
retina and —0.04 ym downwards in the temporal retina field. Similarly, on the right-
hand side, the vertical coma component c(3,-1) exhibits a linear growth across the
vertical visual field. It reaches the value of —0.05 ym in the inferior retina and 0.04 um
in the posterior retina. Our data is consistent with the common behavior in other
optical systems, namely when going off-axis in a given meridian, one develops coma
with orientation that is in line with that meridian. Furthermore, a linear change of
coma with the field angle was reported earlier [132,135,171]. It is important to note
here, that however the linear increase in coma aberration with the field is in good
agreement with Seidel aberration theory, the lack of rotational symmetry in the eye
usually results in non-zero value for coma aberration in the center of the visual field
(line of sight). We can clearly see that coma is present along line of sight (or optical
axis, which is likely to be along -5 degree nasal retina).Evidently we cannot regard the
eye as an aplanatic system.
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Figure 5.5: Mean coma components distribution in the two meridians. Horizontal
coma coefficient (on the left) ¢(3,1) across the horizontal visual field + 1SD and verti-
cal coma coefficient c(3,-1) (on the right) across the vertical field of view + 1SD.

In order to look more closely into the most significant Zernike aberrations, we present
three coefficients: ¢(2,0), c¢(2,2) and c(3,1) as a function of field angle along the hori-
zontal meridian in Fig. 5.6.

In order to find the field point, at which the three Zernike coefficients reach their min-
imum, the least square fitting method (with linear and quadratic fitting) was applied.

This also allows us to see roughly the growth of these terms even over a wider field
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Figure 5.6: The mean Zernike coefficients ¢(2,0), c(2,2) and ¢(3,1) plotted as a function
of field angle (w). LOS stands for line of sight. For the sake of clarity, error bars have
been omitted, for more details see Figs. 5.3,5.4, and 5.5.

of view. We admit that this is rough approximation, since there are only 5 experimen-
tal field points used in our approximation. The mean value of defocus ¢(2,0) on-axis
is not shown here as it was systematically removed by the instrument Badal system
prior to measurements for each eye. Any clear statement about field-dependance
of these aberration terms in relation to the classical Seidel theory is hardly possible
here, due to the fact that each field-dependent aberration has an additional constant
component, which drifts its minimum from the optical axis (being an approxima-
tion already). The constant component for the astigmatism c(2,2) may come from
cylindricity (toricity) of the cornea and additional coma c(3,1) may be generated by
the tilts and misalignments of the optical components of the eye. In the theoretical
work of Espinosa et.al [78], it was suggested that the field-dependent astigmatism
may be canceled by astigmatism component generated by the cornea at some points
along the field. They found these points of correction for astigmatism to be around
+5 degree in respect to the optical axis. In our case the astigmatism c(2,2) reaches its
minimum at field angle w = —3.5 degree (nasal retina) and zero at w = —13.8 nasally
and w = +6.8 degree temporarily in respect to the line of sight. Since we do not have
direct access to aberrations of the anterior corneal surface alone, we are not able to
comment on possible corrections between corneal astigmatism (constant component
due to corneal toricity) and classical field-dependent astigmatism component. Coma

c(3,1) reaches its zero at w = +3.4 degree on the temporal side of the retina. For the
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c(2,0) term Fig. 5.6 does not give a full information because the Badal optometer
corrected the amount of defocus on-axis. However, we can observe that the mini-
mum for ¢(2,0) falls on w = —1.2 degree nasal retina. Taking into account the defocus
amount removed by Badal on-axis we can say that this is the largest aberration term
that appears on-axis and off-axis.

The lack of rotational symmetry complicates the analysis of the optical system of the
eye. The possible tilts and mutual decentrations of the cornea and lens resulted in
the averaged angle alpha, being approximately 5 degree horizontally and 2 degree ver-
tically away from the line of sight (but can vary from eye to eye). Furthermore, even
the cornea and the lens alone can display some asymmetries about their axes [1].
However, there have been several studies showing that the corneal contribution to
coma is somewhat reduced by the crystalline lens [80,91], yet the eye is far from be-
ing an aplanatic system [91], since it is not free from spherical aberration and coma
even at the young age. These facts bring us to general problem of modeling and in-
terpreting aberrations in decentred optical systems. Strictly speaking Seidel theory of
aberrations is valid only for rotationally symmetric centered optical systems. Ocular
aberrations of individual eyes show even larger deviations compared to the irreg-
ularities we found in our averaged data. Seidel theory is still useful for analyzing
the optical system of the eye. However one has to deal with an additional family
of aberrations, which comes from misalignment and toricity of optical surfaces and
asymmetry in the structure of the GRIN lens.

Estimation of the isoplanatic region is especially crucial for retina imaging. The size
of isoplanatic patch defines the size of the visual field, that can be corrected with an
adaptive optics (AO) system at any given time. In light of this, it is important to un-
derstand how the field-dependent aberrations (varying across the field at different
rates) are related to the isoplanatic patch of the eye. We are aware, that we estimate
this area only along two meridians, and hence we are unable to detect all asymmet-
rical changes in the isoplanatic region [153]. We assumed the AO corrector optically
conjugated to the pupil with no other intrinsic aberration in the imaging system. We
used a criterion which links the Strehl ratio (SR) and the RMS wavefront error simply

as:

SR = exp(—W?), (5.1)

where the wavefront error W is measured in rad. This creates the boundary of the iso-
planatic patch, inside of which, the RMS wavefront error should not exceed 0.11 um
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(hence the SR should be higher than 0.37). Our results indicate that the averaged iso-
planatic region is approximately 2.3 &= 0.87 degree, which is comparable with earlier
studies [132,138,153-155]. Our results are in line with theoretical predictions of the
eye model based on reverse ray-tracing, we published earlier [60]. We found that be-
cause of high inter-subject variability in our study, there is a large variety in size of
the isoplanatic patch.

The main result of this study is that the dominant factor in the total RMS of wavefront
error is field astigmatism and field curvature (when defocus is removed on-axis). This
means that correcting these field-dependent terms can significantly help to improve
retinal imaging over central 10 degree field without using adaptive optics system. The
AO correction would be beneficial for a small region on the retina (1-2 degree), but it
is unlikely to be effective over a field larger than the isoplanatic patch [174]. Using
additional deformable mirrors would complicate the instrument design and might
not give sufficient correction over large fields (more than 10 degree). Our results sug-
gest that correction of astigmatism and field curvature by traditional optics of the
instrument is a promising option. A dedicated optical system with components pro-
ducing variable amount of astigmatism and field curvature could help to eliminate
the lower-order ocular aberrations over a larger central field. In addition, one could
incorporate elements in the pupil to compensate for typical values of the spherical
aberration and also compensate the misalignhment coma aberration. This can be done
using a dedicated adaptive optics (AO) system with a deformable mirror conjugated
to the pupil. Using adaptive optics in conjunction with variable field corrector might

be an alternative to the multi-conjugated AO system proposed recently [175].

Based on our observations of typical variations in distribution of the RMS wavefront
error along meridians we identified three groups of eyes. We found that nearly con-
stant value of the RMS error across the field meridian does not necessarily mean that
choosing foveal wavefront (or any other field point) as a reference for off-axis correc-
tion will guarantee a decent correction (or significant increase in the isoplanatic patch
after correction). The three groups of typical field distributions of the total RMS is
only one way to categorize field aberration patterns for a number of eyes. We showed
that even for young and healthy eyes the field dependence of field curvature or astig-
matism might significantly vary between subjects due to the subject-dependant asym-

metries, misalighments or decentrations present in the optical system of the eye.

Our results strongly indicate that a proper alignment between the optical axis of an
aberrometer and the eye is critical for obtaining a repeatable results. Even small
movement of the pupil centre from the instrument optical axis results in increasing of
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ocular aberrations. With no rotational symmetry in the eye, even in the central visual
field, our suggestion is to measure optical components of the eye using the same axis
of reference. The future of this approach is the new generation of instruments that can
simultaneously measure the topography of the cornea and the wavefront aberration

of the whole eye.

5.2 Optical Effects of Tear Film Evolution After a
Single Blink

The purpose of this part in our study was to measure the changes of ocular aberra-
tions on the visual axis after a single blink, which is directly related to the tear film
evolution. The data was collected for 5 young eyes without any corneal abnormali-
ties. The accommodation of the eye was paralyzed by 1 percent drop of Tropicamide to
avoid changes in ocular aberrations due to the crystalline lens refocusing. Numerical
analysis of each single Zernike coefficient (up to 5 order) was performed to study
the variations of its amplitude after blinking.

The influence on wavefront causing by the tear film (TF) has been reported previ-
ously. The significance of the TF stems from the fact that, as the most anterior op-
tical surface of the eye, it undergoes the largest change in refractive index, which
makes this optical surface the most powerful. Hence any local changes in the tear
film thickness and regularity lead to changes in the ocular aberrations pattern. Af-
ter a blink, tears are moving rapidly with the upper eyelid and after one second
tear spreading velocity drops to minimum [176]. Over a certain post-blink time,
the pre-corneal TF undergoes a significant changes in its distribution, which can
significantly influenced the wavefront shape and degrade the retinal image qual-
ity [93,97,115,159,161,163,168,177-179]. It has also a non-negligible impact for achiev-
ing high quality retinal images [93,115]. Recent study by Kimball et.al [180], indicated
the evaporation of the aqueous component as the main factor of the TF thinning and
break-up, which confirmed previous findings of Thibos and colleagues [115]. The
other conclusion from the work of Kimball was that an evaporation process is even
much faster than previously reported.

The stability of the pre-corneal tear film is a non-negligible factor when talking about
open-loop AO correction over an isoplanatic region. As we have showed, it can
change the actual shape of the wavefront, which causes local changes in aberration

amplitude. However our statement about the tear film is not quantitatively strong
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(limited data and other factors cause fluctuations of ocular wavefronts in time), we
believe, that in our analysis the contribution from the TF fluctuation on the cornea

surface is dominant.

The changes in thickness of the tear film after a blink is a known fact. It has been well
documented that after a blink, the TF became thicker at the superior cornea and thin-
ner at the inferior cornea during the "build-up" phase [179]. A possible mechanism for
this is that, immediately after a blink, thinner lipid layer in the superior cornea causes
a high surface tension, which results in upward drift of the TF and hence provides a
thicker layer of tear in the upper cornea [181].

We found a significant correlation between coma-like wavefront aberrations and the
time elapsed after a single blink. This result supports previous findings [178,179]. It
was suggested that such an influence on these types of the ocular aberration comes
from a thicker layer of tears at the inferior edge of the cornea or thinner layer at the
superior edge of the cornea due to gravity. This effect may be responsible for creating
asymmetry, primarily in the vertical meridian of the cornea. In the work of Montés-
Mic6 et.al [178], coma-like aberrations were found to increase with time after a blink
and similar effect was found by Koh and colleagues [163]. Although in our case we
do not see any obvious pattern in decreasing or increasing coma-like aberrations after
the blink, but we observed that changes in the tear film are contribute to the changes
in coma-like aberrations. As it has been suggested earlier, coma-like aberrations are
sensitive to the thickness of tear film on the cornea surface, but the distribution of
tears may differ from eye to eye [179]. Our results show a significant changes in
spherical aberration after a blink. This has been reported earlier with a suggestion
that it may be an effect of more rapid tear evaporation and thinning at the center of
the cornea compared with the periphery [178].

All the subjects in our study (n = 5) displayed a statistically significant correlation be-
tween horizontal astigmatism coefficient ¢(2,2) and the time after the blink. Combined
astigmatism strongly contributed to the residual RMS wavefront error (see Fig. 4.13
for reference). The influence of the tear film on the horizontal astigmatism may be at-
tributed to its vertical axis of symmetry (in the pupil plane). This is also valid for our
observation about the 3™ coma-like aberration coefficients and spherical aberration,
these aberration terms display vertical axis of symmetry, which means that they are
more liable to react with the changes of the tear film on the corneal surface.

It seems understandable that the stability of ocular aberrations is critical for highly ef-

ficient corrections. It is especially important when fixed aberration pattern is needed
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in order to fully correct ocular aberrations (e.g. customized corneal ablation). Hence
if, for any reason, the optical system of the eye is not stable, there is not possible to
find a fixed correction pattern.

A question arises: what is the origin of the changes in wavefront aberration that is
associated with the fluctuation of tear film?

One of our conclusion is: the tear film does help to maintain good quality image on
the retina under condition that it is evenly distributed on the corneal surface. It helps
in covering all irregularities and roughness of the corneal epithelium layer. The local
changes in thickness after a single blink, lack of uniformity of the refractive index of
the TF, uneven surface of the tear film caused by evaporation and finally break-up
of the TF are responsible for changing the aberrations pattern of ocular wavefront
and, in consequence in some cases, degrading the retinal image quality. Although
we were able to measure its influence to the whole eye amount of aberrations, we are

not certain about its exact origins, which may occur with variety of combinations. In
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Figure 5.7: Mean residual phase maps of the wavefront aberration for each subject
as a function of time elapsed from the start of experiment. For the sake of clarity,
only 10 wavefronts out of 20 are shown (f indicates time after the blink). Wavefronts
were reconstructed using 18 first Zernike terms over a 6 mm pupil (tip and tilt were
removed).

conclusions, we found that after a single blink a tear film exhibits temporal variation
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on the corneal, which has non-negligible optical effects to the whole eye aberration
pattern. In order to illustrate the nature of the changes in the wavefront aberration
pattern in the individual eye after a blink, Fig. 5.7 presents mean residual phase maps
of the wavefront aberration for each subject. The phase maps are reconstructed using
18 first Zernike aberration terms (tip and tilt are removed) over a 6 mm pupil. It can
be easily seen that the changes of the wavefront differ in terms of magnitude for each

eye.
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Figure 5.8: The PSF images for a 6 mm pupil diameter at A = 677 nm and correspond-
ing value of the Strehl ratio (SR) for each subject as a function of time elapsed after
the blink. The corresponding wavefront error RMS (from which the PSF and the SR
were calculated) is shown in Fig. 5.7.

11.57s

Figure 5.8 shows the PSF images (based on the Fourier transform of the corresponding
wavefronts from Fig. 5.7) and the Strehl ratio values (SR). The variables used in the
calculation of the corresponding PSF are: pupil diameter of 6 mm, reference wave-
length of A = 677 nm, nodal distance of n = 16.7 mm. The images of the PSF were
re-scaled in size, in order to make the spatial structures more visible in the images.
This shows again the optical effect due to the tear film variation does not have the

same magnitude for all subjects.

From our data analysis we conclude that the optical effects caused by the tear film
cannot be neglected. Before any wavefront analysis is performed, one shall take into
account the tear film effect, but the optimal way of doing it is yet to be found. Below

we list some related questions:
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* At what time (after a single blink) the ocular wavefront shall be measured? Im-
mediately after a blink; when the TF still may unevenly cover the cornea, caus-
ing a large variation in aberration pattern, or while it is well distributed (stable
phase) over the corneal surface causing minor changes to the wavefront. In the
latter case, the difficult is, that the stabilization process of the TF may differ in
terms of time after a blink from eye to eye, so additional measurements prior to

representative wavefronts measurements will be required.

¢ How can we minimize the optical effect of the tear film in the data analysis?
Although, averaging experimentally obtained wavefront frames is a possibility,
the question is still valid: how many and over which time period one should

collect and average wavefront frames?

e Is it representative to use just one blink measurement on any aberrometer?

A single blink

Even distribution
of tear film

Evaporation of || Gravitational Flow inside
| the aquous effects the ephitelium

Uneven distr.

of tear film

Changes Lack of uniformity, Tear film
in thickness || of the refr. index break-up
Changes in ocular|[Changes in refract|
wavefront power

Wavefront Retinal image
measurements ||qual. degradation

Corneal Adaptive optics oL Measurements
ablation correction designing of the eye’s optics

Retinal
imaging

Figure 5.9: An illustrative diagram showing possible factors and results of an uneven
distribution of the tear film on the corneal surface. It also shows which regions of the
eye research may be affected due to tear film variations.

Our results on the changes in ocular wavefront inducted by the pre-corneal tear film

121



Chapter 5. Conclusions

fluctuation indicate that a more careful and complex measurement regime is needed.
It would be appropriate to measure ocular wavefront aberration and the tear film
distribution on the cornea (in terms of changes in thickness for example) at the same
time.

Figure 5.9 presents an illustrative diagram showing possible factors and results of an
uneven distribution of tear film on the corneal surface. As a non-negligible factor, the
tear film should be carefully considered especially in all cases when ocular wavefront
measurement is a starting point for widely understood correction of the ocular aber-
rations of the eye (e.g wavefront guided laser eye surgery or AO correction). In order
to create more realistic eye model, the information about pre-corneal tear film should
be added.

5.3 Future Work and Applications

Our experimental results indicate that there is large inter-subject variability in aber-
rations pattern even within 25 young eyes in the study. We observed that there are
different types of the distribution of the total RMS error along the field of view and
we distinguished 3 different groups. Although this is just one way for categorizing
the experimental data, it shows that even for young eyes (without any optical abnor-
malities) there is no consistency between horizontal and vertical meridians, which
uncover the lack of symmetry in both meridians. We shown that even for the eyes of
similar distribution of the total RMS error, the residual aberrations (with respect to
the line of sight (LOS)) may have different patterns of field distribution. For a better
understanding one shall look into a single Zernike aberration mode, and analyse its
field behavior.

Figure 5.10 shows wavefronts measured over two eyes with varying distribution
of the total RMS error along the horizontal meridian. The eye no. 14 represents a
quadratic distribution of the total RMS and the eye no. 4 a non-varying distribution
of the total RMS, with its amplitude within RMS = 0.1 ym. Figure 5.10 also presents
the ¢(2,0) defocus coefficient as a function of the horizontal field angle for both A and
B. Case A corresponds to the original measured set of wavefronts. Case B corresponds
to the effect of subtracting the central wavefront from each field point. This can be
regarded as a perfect correction on-axis by a corrector (DM) conjugated to the pupil.
Corresponding plots (right hand side), show the field variation of defocus. Because

of quadratic field dependance of the defocus, the corrector operating on-axis may not
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be efficient for a good compensation. We shall bear in mind that in our study, defocus
term was minimized on-axis by a Badal system prior to each eye measurement (this
explains small values for ¢(2,0) on-axis). Without initial correction from the Badal,
one can expect the value of defocus being higher on-axis with the shape of the field
distribution curve as preserved.

HORIZONTAL meridian LOS axis
o= 5deg 3deg Odeg 3deg 5deg
Subject #14
RMS = 0.81um

¢(2,0) coefficient

RMS = 0. 16pm RMS = 0.7um

i 0.5 C(2,0) coefficient

\ 0.6,

‘ 0.4

\ 0.2

N - 0_5

RMS = 018pm RMS 014 RMS = Oum RMS 012“m
field curvature
removed
Subject #4

RMS = 0.42 RMS 0.32; RMS =0.32um .
py pm Hm iy c(2,0) coefficient

=5 0 5

¢(2,0) coefficient

‘o EN

RMS = 0.11pm RMS = oomm RMS = Op,m RMS = 0.23um RMS = 0.27um
field curvature
removed
Nasal retina Temporal retina
T
L L L
-2 -15 —1 -0.5 0 0.5 1 15 2 pm

Figure 5.10: Wavefront aberration distribution across the horizontal visual field for
the eye no.14 and no.4. Case A presents the original measured wavefronts (with the
Zernike defocus aberration minimized on-axis with the Badal system). Case B shows
the residual wavefronts after subtracting the central wavefront along the line of sight
axis (LOS). Case C illustrates the case of completely removing field curvature term.
For both eyes the values of defocus c(2,0) coefficient as a function of horizontal field
angle are also plotted.

Case Cillustrates an effect of removing field curvature from residual wavefronts com-
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pletely and hence improving the wavefront quality. This can be done by using vari-
able field corrector, or field-flattener in this case. The next step would be to correct the
field-dependent component of astigmatism, which can be achieve with variable con-
ventional optics. Proposed solution, deformable mirror operating on-axis and vari-

able optical correctors, might be an alternative to multi-conjugated AO systems.

Our experimental data on young population eyes may be incorporated into a model
eye, which describes the central field of view with all decentrations, shifts and tilts of
optical components of the optical system of the eye. This brings us to another ques-
tion: how far shall we go with complexity of such a model? How many and which
parameters should be used to build such a model that is valid for on-axis and off-axis
aberrations prediction? Little is known about a complex structure of the crystalline
lens and its refractive index distribution. This remains an ultimate challenge in eye

modeling.

Our aberration distribution within central visual field results, are affected mainly due
to tear film variation on the cornea. It may affect actual image we gathered about aber-
ration pattern in the 10 by 10 degree field of view. This fact yields for searching other
solutions that may efficiently help to fight some of the unwanted factors. Instruments
that can simultaneously measure wavefront of the entire eye and topography and the
corneal wavefront with respect to the same axis have been recently demonstrated.
This will help to reconstruct the optical parameters of the eye in a more efficient way.
Although it is a big step forward in the eye metrology, an instrument that would be
able to measure field aberrations simultaneously, rather than sequentially, should be
aimed in the future.

Our future work along the main line of our experimental results on off-axis aberra-

tions and the optical effects of the tear film evolution are as follows:

* For a better statistical knowledge of the off-axis distribution of ocular aberra-
tions one needs to measure more eyes. It would be especially beneficial for the
design of physical model eye and provide the input requirements for variable
conventional optics to correct field aberrations.

* Future path could be to find optimum way of doing ocular tomography for
which one could use the dedicate instrument featuring corneal topographer and
wavefront sensor operating on the same axis. This could help to disentangle the
cornea aberrations from crystalline lens field aberrations, in particular astigma-

tism and field curvature. The balancing mechanism for the corneal and lenticu-
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lar aberrations is of high interest in ophthalmic area.

Accounting for tear film optical effects in eye models would be our next step
(finding a way to describe the "effective" tear film distribution based on time

averaging).

Our future work will be to use 25 specified-eye models to identify the isopla-

natic patch size in young eyes using instantaneous tears profile.

Having a more realistic representation of human eye, one could decompose ocu-
lar aberrations into the constant components and field-dependent components.
This could help to complement the Seidel theory of aberrations with the new
types of aberrations originating from misaligned and rotational-asymmetric sur-
faces in the eye.

It would also be helpful to find the useful way of reporting the off-axis aber-
rations in human eye, which avoids elipticity of entrance pupil occurring at
oblique angles.
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