
Peripheral Vision:

Adaptive Optics and Psychophysics

ROBERT ROSÉN

Doctoral Thesis
Department of Applied Physics
Royal Institute of Technology
Stockholm, Sweden 2013



TRITA-FYS 2013:08
ISSN 0280-316X
ISRN KTH/FYS/--13:08--SE
ISBN 978-91-7501-698-6

KTH
SE-100 44 Stockholm

SWEDEN

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan
framlägges till o�entlig granskning för avläggande av teknologie doktorsexamen
fredagen den 19 april 2013 kl. 13.00 i seminariesal FD5, Roslagstullsbacken 21,
Albanova, Kungliga Tekniska Högskolan, Stockholm.

© Robert Rosén, April 2013

Typeset in LATEX
Print: Universitetsservice US AB
Frontpage: Simulated images showing relative degradation over the visual �eld.
Peripheral vision out to 50° is compared to central vision (the house) for an aver-
age person (left) and for one with peripheral refractive errors and monochromatic
aberrations corrected (right). Blur of one minute of arc is represented by one pixel,
so the angular acuity is correct if you hold the cover at a distance of 30 cm.
Photograph: Klaus Biedermann



Tiger got to hunt, bird got to �y;
Man got to sit and wonder �why, why, why?�
Tiger got to sleep, bird got to land;
Man got to tell himself he understand.
Kurt Vonnegut, Cat's Cradle





Abstract

This thesis is about our peripheral vision. Peripheral vision is poor compared to
central vision, due to both neural and optical factors. The optical factors include
astigmatism, defocus and higher order aberrations consisting mainly of coma. Neu-
rally, the density of ganglion cells decreases towards the periphery, which limits the
sampling density. The questions that this thesis attempts to answer are how much
and under which circumstances correction of optical errors can improve peripheral
vision. For this, an adaptive optics system has been constructed with a wavefront
sensor and a deformable mirror working in closed loop to perform real-time cor-
rection of optical errors. To investigate vision, psychophysical routines utilizing
Bayesian methods have been evaluated and modi�ed for peripheral vision to han-
dle the presence of aliasing, �xation instability and rapid fatigue. We found that
correcting both refractive errors and higher order aberrations improved peripheral
low-contrast resolution acuity.

We looked at two speci�c topics in peripheral vision research in particular: Central
visual �eld loss and myopia development. Persons with central visual �eld loss have
to rely on their remaining peripheral vision, and it is of great interest to understand
whether optical correction can o�er them any bene�ts. In a case study on a single
subject, we found meaningful improvements in vision with both optimized refractive
correction as well as additional bene�ts with aberration correction. These improve-
ments were larger than for comparable healthy subjects with a similar magnitude
of aberrations. When it comes to myopia development, an interesting hypothesis
is that peripheral optics a�ect and guide the emmetropization process. We have
found an asymmetric depth of �eld in the periphery for myopic subjects, caused by
their higher order aberrations, and presented a model on how this asymmetry may
in�uence the emmetropization process.
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Chapter One

Introduction

This is a thesis about the role of optics in peripheral vision. Speci�cally, the work
argues that, how, and why optical errors are more important than traditionally
thought for peripheral vision. A simulation of the impact of optical errors can be
seen in the images on the next page. Figure 1.1 shows a photograph that covers
a ±50° horizontal visual �eld. However, this is not how the world is perceived.
Peripheral vision is worse than central vision as simulated in Fig. 1.2, taking all
the limitations of peripheral vision into account: average amounts of peripheral re-
fractive errors (defocus and astigmatism, i.e. those errors that can be corrected by
regular spectacles) [1, 2], higher order aberrations [3], longitudinal and transversal
chromatic aberrations [4�6] and limited sampling [7]. These limitations are de-
scribed in detail in Chapter 2. If the refractive errors are corrected, the image
quality improves to that of Fig. 1.3. There, higher order aberrations remain. These
are more prevalent in the periphery, but require more complicated optical solutions
to be corrected. However, if all aberrations are removed the potential bene�t can
be seen in Fig. 1.4. In that image only the fundamental limit imposed by the retinal
sampling is simulated.

While the qualitative impact of optical errors in the periphery can be seen in the
simulated pictures, the optics constitute only the �rst part of the visual system.
To include the neural parts as well, we have to use psychophysics. Chapter 3
will describe the most important psychophysical methods available, and how these
were adapted to peripheral vision in the work of this thesis. Next, the optical er-
rors need to be measured and corrected. Details on how to measure optical errors
will be provided in Chapter 4. Correction of refractive errors is achievable with
normal spectacles, but the correction of higher order aberrations requires a tech-
nology called adaptive optics, which has been a large part of the work of this thesis.
Adaptive optics, and special considerations in adapting it to peripheral vision, is
described in Chapter 5.
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: A wide-angle photograph showing the same image quality over the whole
�eld.

Figure 1.2: A simulated image showing relative degradation in peripheral compared
to central vision, with refractive errors, higher order aberrations, chromatic errors and
sampling limitations out to ±50°. Blur of one minute of arc is represented by one pixel,
so the angular acuity is correct if the printed thesis is held at 30 cm distance.
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Figure 1.3: The same simulation as in Fig. 1.2, but with refractive errors removed,
leaving chromatic and monochromatic aberrations.

Figure 1.4: The same image as in Fig. 1.3, but with all aberrations corrected and only
the limitations due to �nite sampling remaining. The smallest details that can be seen in
the periphery remains the same, but the contrast is improved with aberration correction.



4 CHAPTER 1. INTRODUCTION

Chapters 6 and 7 will be dedicated to the application and utility of this research.
In Chapter 6, the impact of the results presented here for patients with central
visual �eld loss (CFL) will be discussed. The main questions considered are how to
�nd the optimal refractive correction and how large improvements can be expected
from refractive as well as higher order aberration correction. The second area of
applicability for this research is myopia development (nearsightedness). It has been
known for some years, mostly from studies on animals, that the image quality on
the peripheral retina has great importance for whether myopia development occurs
or not. How the periphery in�uences myopia development, though, is a di�cult
and controversial question. What everyone agrees on is that eyes of humans with
myopia di�er in the periphery from those of non-myopes. The controversial part
is whether this di�erence is a cause or a consequence of myopia development. In
Chapter 7, I attempt to reconcile the seemingly contradictory results of myopia
research on humans and animals relating to peripheral errors. To do this, a theory
is presented, in part based on the results of our own studies, on how the periphery
might a�ect eye growth. Finally, Chapter 8 o�ers conclusions and a few possible
paths for further research within peripheral vision.



Chapter Two

The eye and peripheral vision

The eye, together with the visual cortex in the brain, is a fantastically robust imag-
ing system [8]. It has a dynamic range from a few photons to strong sunlight. It
can dynamically change power to accommodate and view objects at di�erent dis-
tances. It is self-correcting for optical errors during growth in the emmetropization
process. It is capable, either in concert between the two eyes, but also monocularly,
to construct a three-dimensional model of the world from the two-dimensional reti-
nal images. It has a spatial resolution of less than one arcminute and a capability
to detect �icker with a frequency of more than 50 Hz. In photopic vision (high
luminance conditions when the cones are used), the average human can distinguish
hundreds of thousands of di�erent color hues. However, this chapter will not extol
all the virtues of the eye. Rather, it will focus on its limitations, speci�cally the
limitations of visual resolution in the peripheral �eld of view. In this chapter, Sec-
tion 2.1 will give an overview of the eye [9] and the neural and optical limitations
to peripheral vision will be described in Sections 2.2 and 2.3 respectively.

2.1 Components of the visual system

When we see an object, the process creating that perception consists of two steps:
�rst, light emitted from the object being imaged onto the retina, and second, the
retinal image being interpreted by the neural system. The components involved in
the �rst part of this process can be seen in Fig. 2.1.

The �rst part of the eye that the light enters is the cornea, which together with the
sclera forms the outer layer of the eye. The cornea has two thirds of the optical
power of the eye, roughly 40 diopters (D). The cornea has an index of refraction
of 1.376 and, on average, a radius of curvature of 7.8 mm with a slight aspheric-
ity. This average is subject to a great deal of variability and only 13 % of corneas
are rotationally symmetric [11]. After the cornea is the anterior chamber, which

5
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Figure 2.1: The components of an eye. Adapted from Millodot [10].

is 3.5 mm deep and contains a liquid with an index of refraction of 1.336. The
aperture stop of the eye, the iris, is localized within the anterior chamber. The iris
has a variable diameter between 2 mm and up to 8 mm and controls the amount of
light entering the eye, and it also gives eyes their color. After the anterior chamber
comes the crystalline lens.

The lens has roughly one third of the optical power of the eye, 20 D. It is built
up of layers giving the lens a gradient index of refraction varying between 1.38 and
1.41, with the higher value at its core. It is elastic, and when a person needs to
accomodate, the ciliary body contracts, releasing the tension of the zonular �bers
suspending the capsule holding the lens, which allows the lens to relax and in-
crease its power. The astigmatism and higher order aberrations of the lens tend
to, at least partially, compensate for the aberrations of the cornea [12]. The lens
grows throughout life and eventually becomes inelastic, rendering the person unable
to accommodate, a condition which is referred to as presbyopia. This process is
gradual, but after 50 years of age presbyopia is ubiquitous. Another phenomenon
correlated with age is cataract, caused by the continuous exposure of the lens to
ultraviolet light. Cataract occurs when the amount of scattering in the lens has
become unacceptably high, laying a gray fog over all images. The only solution to
this is to remove the crystalline lens; a procedure that may have been performed
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as early as in the 5th century BC [13]. In modern ophthalmology, the crystalline
lens is replaced by an arti�cial intraocular lens, the power of which can be chosen
to correct the refractive errors of the patient.

Beyond the lens lies the vitreous body, a transparent gel with an index of refraction
of 1.336. At the end of the vitreous body, connected to the sclera via the choroid, is
the retina. The axial length, the total distance between the cornea and the retina,
is about 24 mm. The axial length is highly correlated with refractive status, with
myopes having longer and hyperopes having shorter axial lengths [14�17]. This fact
is important, and will be discussed at length in Chapter 7, which covers myopia. For
a well-corrected eye, the rays from the object will converge at the retina, forming
an image with luminance variation similar to that of the object. This variation in
illumination is recorded by the photoreceptors, cells on the retina with a structure
reminiscent of optical �bers that can absorb light. They come in two categories:
rods which function at lower levels of illumination, and cones which function at
higher levels of illumination. The cones are at their highest density in the central
macular region, which is also called the fovea or yellow spot.

The signal generated by the photoreceptors is sent to the ganglion cells. For the
ganglion cells, it is the contrast rather than the absolute level of illumination that
is of interest. In order for these cells to �re neural impulses, the signal strength
needs to exceed a certain minimum threshold, sometimes referred to as the neural
sensitivity function. All the neural pathways in the eye are placed in front of
the photoreceptors, so the light needs to pass them before being absorbed. These
pathways need to exit somewhere, which happens at the optic disc, located roughly
15° on the nasal side of the retina (temporal visual �eld). At the exit of the nerves
there is no room for photoreceptors, with the e�ect of a blind spot of a few degrees
in size. This blind spot is not normally noticed, since the brain �lls in the blanks
of that visual region. After the eye, the signals in the optic nerve from both eyes
are combined in the lateral geniculate nucleus and sent to the visual cortex in the
back of the brain for further processing.

2.2 Limitations of peripheral vision: neural factors

The focus of this thesis is peripheral vision, which is de�ned as vision beyond the
fovea. This section deals with limitations of vision when it is assumed that a sharp
image is placed on the retina. The density of photoreceptors varies according to
Fig. 2.2. It is largest in the fovea, where it can reach 150 000 mm−2 [18]. In the
periphery, there are more rods than cones, though it is nonetheless the cones that
are used for vision in normal daylight. However, what limits visual sampling in the
periphery is the density of ganglion cells [19], as several cones are connected to the
same ganglion.
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Figure 2.2: The density of photoreceptors and ganglion cells as a function of eccentricity
from the fovea. The empty area indicates the blind spot (which is in the temporal visual
�eld). Adopted from Geisler and Banks [20].

Aliasing

When the spatial frequency of a retinal image is above the Nyquist frequency (i.e.
half the spatial frequency of the ganglion cells), subjects can experience a phe-
nomenon called aliasing. Aliasing means that images with a high spatial frequency
are down-sampled, giving a false impression of a structure with a di�erent spatial
frequency. It can most easily be illustrated using an image, which is shown in
Fig. 2.3. The upper left part of Fig. 2.3 shows a retinal image with a low spatial
frequency. For that image, the sampled image in the upper right part accurately
represents the retinal image. However, when the spatial frequency is too high, as in
the lower left part, the sampling creates the impression of a di�erent structure, as
shown in the lower right part. There is usually still some impression formed, as it
is a rare chance for the sampled image to average to constant intensity entirely, but
the sampled image does not correspond to the true image. This has implications
in visual response to stimuli. In a detection task, where the subjects are asked
to indicate whether a stimulus exists or not, they are able to respond accurately
even when the image su�ers from aliasing. However, in a resolution task, where
the subjects are supposed to e.g. indicate the orientation of the gratings, they will
respond incorrectly. This phenomenon is usually masked by optical factors in the
fovea, but often occurs in the periphery. Thus, it has important implications for the
psychophysical tests and results with optical correction which are further discussed
in Chapter 3.
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Figure 2.3: An image with a low spatial frequency (top) and a high spatial frequency
(bottom). For each sampled circle the signal is averaged (right column). In the upper
row, the sampling density is high enough to resolve the image whereas in the bottom, due
to aliasing, it is still possible to detect a pattern, but not to resolve the correct orientation
orientation.

2.3 Limitations of peripheral vision: optical factors

An image at the retina, particularly the peripheral retina, is often blurred. There
are a number of optical phenomena that degrade image quality. Here, these phe-
nomena will be listed in order of importance with regards to their impact on pe-
ripheral image quality in a typical eye.
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Oblique astigmatism

Refractive errors consist of two parts: defocus and astigmatism. Defocus occurs
when the focal point of the eye is not on the retina. Astigmatism occurs when there
are two meridians, separated by 90°, that di�er in power. The imaging of an o�-axis
object through a spherical surface will result in astigmatism that increases with o�-
axis angle. The reasons for this astigmatism can be understood using Coddington's
equations [21]. In the horizontal plane an o�-axis object point will give rise to
astigmatism with an axis of 90° and a negative cylinder, i.e. a higher power in the
vertical meridian than in the horizontal. In e�ect, instead of a single focal point
there will be two perpendicular line foci. Oblique astigmatism exists in all human
eyes, albeit slightly smaller than what would be predicted based on Coddington's
equations and with individual variations necessitating experimental measurements
[2].

Defocus and relative peripheral refraction

The focal power and length of the eye can vary within the visual �eld, creating
a relative peripheral refractive error, a di�erence in optimal spherical correction
between di�erent eccentricities. Furthermore, axial growth, associated with myopic
eyes, tends to elongate the eye rather than providing a uniform expansion [17].
In general, persons with hyperopia in the fovea (farsighted, too short eyes) have
relative peripheral myopia (e.g. with a foveal refractive error of +3 D they can
have a refractive error of +2 D in the periphery) [22, 23]. On the other hand,
persons with myopia in the fovea (too long eyes) tend to have relative peripheral
hyperopia (e.g. −2 D in the fovea and 0 D in the periphery) [1, 23]. As such,
even disregarding oblique astigmatism, the peripheral image is often out of focus.
It should be noted that the presence of astigmatism and higher order aberrations
means that the peripheral far point (the distance at which an object can be seen with
a relaxed eye) is not well-de�ned. The relative peripheral defocus is an important
factor in scienti�c discourse on the causes of myopia progression, and will be further
discussed in Chapter 7.

Higher order aberrations

Higher order aberrations are optical errors that can be understood by geometrical
optics but not corrected with normal sphero-cylindrical lenses. They are more
prevalent in the periphery than in the fovea. By far the largest o�-axis higher order
aberration is coma [3, 24]. It occurs due to a di�erence in magni�cation between the
central rays and those at the edge of the pupil. Besides coma, spherical aberration
is also of interest. It is the only higher order aberration that is not foveally zero in
an average population [25]. It arises due to a di�erence in refractive power between
the center and the edge of the eye and does not vary with eccentricity. Other higher
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order aberrations can also be measured with wavefront sensors and corrected using
adaptive optics. This will be discussed in Chapters 4 and 5.

Chromatic aberrations

The index of refraction for most media varies with wavelength. This causes chro-
matic aberrations. There are two types of chromatic aberrations to consider: lon-
gitudinal and transverse chromatic aberrations. Longitudinal chromatic aberration
is manifest as a di�erence in refractive power depending on wavelength. The power
of the eye is stronger for blue than for red light and this di�erence is relatively
independent of eccentricity [26]. Transverse chromatic aberration is a di�erence
in magni�cation between colors. In other words, in peripheral parts of the visual
�eld the di�erent colors will be slightly displaced relative to each other [6]. Addi-
tionally, aberrations other than defocus vary somewhat depending on wavelength.
This variation is usually small and can be estimated using an equation provided by
Salmon [5]. In this thesis, chromatic aberrations are not treated at all.

Di�raction

All optical errors described above can be eliminated in an ideal optical system.
This is not true for di�raction, it is only possible to decrease its impact through
the use of a larger pupil. Di�raction is a fundamental consequence of the wave
nature of light, and its e�ects are incorporated into the Fourier optics treatment of
imaging described in Chapter 4. As a general guideline, it is the most important
optical limitation to foveal image quality when the pupil diameter is 2 mm or
less. Its impact is similar in the periphery, with the exception that Fourier optics
calculations have to be made with an elliptical rather than a circular pupil.





Chapter Three

Psychophysical methods

The quality of foveal vision is traditionally evaluated by asking the subject to
read high-contrast letters on a letter chart. This measure is quick, intuitive for the
subject, sensitive to refractive errors and useful as a general screening test. However,
it is an inadequate tool to evaluate peripheral vision. This chapter will in detail
explore the reasons for this inadequacy and propose alternative methods that have
been used to test peripheral vision in the work of this thesis. First, in Section 3.1 an
overview of the �eld of visual psychophysics will be presented. Second, in Section 3.2
the particular challenges of adapting psychophysical methods to peripheral vision
will be discussed. Then, Section 3.3 will present recommendations for how to
conduct psychophysical measurements in the periphery.

3.1 Principles of visual psychophysics

Stimuli properties

The �eld of psychophysics deals with the psychological responses to physical stim-
uli. In order to quantify this relationship, both the stimuli and the responses in
an experimental setting must be well-de�ned. The responses will vary depending
on the strength of the stimuli. The most common stimulus strength parameter to
vary is size. The visual size of a stimulus is measured as the angle subtended by its
smallest detail, as exempli�ed in Fig. 3.1. The indicated angle expressed in min-
utes of arc, each minute of arc being 1/60 of a degree, gives the minimum angle of
resolution (MAR). Snellen acuity can then be de�ned as V = 1/MAR, with 1 being
approximately the value for foveal vision of a normal eye. Another common way to
list this minimal detail size is in logMAR = log10(MAR). Better vision requires a
smaller MAR, so a low logMAR score is equivalent to higher acuity. Normal acuity
is then about 0 logMAR. There are profound reasons for using logMAR in a sci-
enti�c context. Weber-Fechner's law states that the fraction of the just noticeable

13



14 CHAPTER 3. PSYCHOPHYSICAL METHODS

di�erence ∆I to stimulus intensity I remains constant, k = ∆I/I, regardless of in-
tensity [27]. As such, it can be said that it is a general psychophysical phenomenon
that we perceive the world in a logarithmic fashion. Therefore, logMAR will be
used throughout this thesis.

Figure 3.1: Determination of minumum angle of resolution (MAR) from the detail size
of a letter. The MAR is measured in minutes of arcs, visual acuity is 1/MAR and logMAR,
the latter of which is the way acuity is reported in scienti�c literature, is log10 (MAR)

Besides minimum detail size, there are other types of stimulus strength parameters
that can be varied. The most important of those is contrast. We have used Michel-
son contrast, C = Lmax−Lmin

Lmax+Lmin
, calculated from Lmax and Lmin, the maximum and

minimum luminance of the object. Other examples of stimulus strengths that can
be varied are the mean luminance of the object, the speed of a moving object, the
amount of blur imposed and the exposure time of the object. For reasons of exper-
imental complexity, the overwhelming majority of psychophysical experiments will
only vary the strength of a single stimulus parameter at a time.

The psychometric function

The second crucial part of the psychophysical experiment, besides the stimulus,
is the response given by the subject. When responses to a number of stimulus
strengths have been collected, it is possible to plot them and estimate the psycho-
metric function. The psychometric function is the percentage of correct responses
y as a function of stimulus strength x. It can be parameterized as e.g. the logistic
function or the Weibull function, which have essentially the same characteristics.
We use the logistic function parameterized as

y = a+
1− a− b

1 + e−(x−c)/d

Here, four parameters are �tted: a, the guess rate, or the percentage of correct
responses by pure chance when there is no stimulus perceived; b, the lapse rate,
the percentage of incorrect responses by mistake when the stimulus strength is very
high; c, the threshold, when the percentage of correct responses has increased to
halfway between the guess rate and 100 % minus the lapse rate (75 % if the guess
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rate is 50 % and lapse rate 0 %); and d, the width of the transition zone (when
we are at stimulus strength c+ d, in the previous example, the percentage correct
would be 0.5+ 0.5

1+e(−1) = 87 %). An example of a psychometric function �tted with
these four parameters is shown in Fig. 3.2. The guess rate a can be determined by
the experimental settings and the lapse rate b varies based on the attentiveness of
the subject. It is normally the threshold c that is of most interest to the researcher,
and often it is the only value reported. Consequently, a number of psychophysical
methods, described later in this section, focus on determining solely the threshold.
The width d is time-consuming to determine and often left out, or a predetermined
value is assumed.

Figure 3.2: A �tted psychometric function. The guess rate has been assumed to be 50 %
and the lapse rate to be 2 %. The threshold and width has been �tted to be 0.34 logMAR
and 0.05 logMAR respectively. The response rates at di�erent stimulus strengths are
marked with dots in the picture.

In psychophysics, an experiment consists of a number of trials, with each trial con-
sisting of a single stimulus presentation requiring a single response from the subject.
There are two modes of collecting the responses from the subjects, yes-no tasks and
forced choice tasks [28]. In yes-no tasks, the subjects are asked whether they see
the stimulus or not. The method is fast, but it su�ers from the subjective bias
that some subjects more readily than others think they can see the stimulus. This
subjective bias leads to a large variance of responses which can mask the stimuli
e�ects. Additionally, subjects might be aware of the desired outcome of the exper-
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iment and wish to please the researcher by answering in a way consistent with the
hypothesis.

Conversely, forced choice tasks ask the subjects to assign the stimulus to one of a
number of predetermined categories, even in cases where they consciously do not
perceive the object. The categories can, for example, be letters of the alphabet,
whether a stimulus was in the right or left part of the screen, or in which time
interval a stimulus was displayed. When the subjects are unable to answer, they
are encouraged to guess. Some initial subject coaching is required, but the data
generated will be of higher quality and the guess rate is known to be one over the
number of categories, e.g. for a two alternative forced choice the guess rate is 0.5,
exempli�ed in Fig. 3.2. In the work presented in this thesis, forced choice tasks
were used.

Psychophysical methods and algorithms

There are several available algorithms to estimate the threshold [28]. Two quick
methods are the method of adjustment and the method of limits. Using the method
of adjustment, the subject adjusts the stimulus strength until he or she is satis�ed
that the threshold has been reached. Alternatively, in the method of limits, the
stimulus starts with a high or low strength and is gradually adjusted, until the sub-
ject says the threshold has been reached. A more time-consuming method, which is
also the gold standard, to determine the threshold is the method of constant stim-
uli. It consists of doing a large predetermined number of trials regularly sampled
over a range of stimulus strengths. It samples the full psychometric function and
is free from initial assumptions. However, the very large number of trials needed
precludes all but the most determined subjects from participating, and fatigue of
the subject will decrease the quality of the data. Therefore, quicker methods have
been developed that make various assumption about the psychometric function and
are used to determine the threshold rather than the full psychometric function.

The most commonly utilized psychophysical procedure is the staircase. The idea
is to start at high stimulus strength and present a few trials. When a predeter-
mined number of correct responses have been made, the stimulus strength is de-
creased. Conversely, when the subject answers incorrectly, a reversal is made and
the stimulus strength is increased. Staircase procedures often end after a predeter-
mined number of reversals. The step size can be �xed throughout the procedure or
changed in order to increase the speed. Staircases are easy to implement, but su�er
from uncertainty when the guess rate and the lapse rate are high. An example of
a staircase procedure ending after eight reversals is shown in Fig. 3.3.

Another important class of procedures are Bayesian adaptive methods, e.g. QUEST
[29]. Their main advantage is the fact that all previous trials are incorporated into
the choice of testing stimuli and �nal threshold estimation. In these Bayesian pro-
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Figure 3.3: A staircase procedure. Reversals are marked with circles. After 8 reversals,
the procedure stops and reports an acuity of 1 logMAR.

cedures, a probability density function (pdf) is estimated and continuously updated.
The pdf describes the probability for each possible value of the threshold. An initial
assumption has to be made of its shape, the most parsimonious being a �at shape
with equal probability for all thresholds. After trial n with the result R, the pdf
for the threshold T can be updated using Bayes' rule:

pdfn+1(T |R) =
pdfn(T )P (R|T )

P (R)

This equation expresses the updated probability density function in light of the
new result, pdfn+1(T |R), as a function of previously estimated pdfn(T ), the prob-
ability of the current result of the trial given the previously estimated probability,
P (R|T ), and the overall probability of the current result, P (R). Afterwards, the
next stimulus is placed at the estimated threshold.

For example, consider the situation in Fig. 3.4. We have two possible threshold
values (in real experiments this number is higher), −0.1 logMAR and 0.7 logMAR.
The initial assumption is that both are equally probable, pdfn(T ) = [0.5, 0.5].
Assume that the probability to respond correctly to a trial at 0.3 logMAR is 0.9 and
0.5 respectively for our two possible thresholds. These two proportions correspond
to the percentage of striped green and red area respectively. This estimation has
to be made based on the shape of the psychometric function with the two possible
thresholds. As such, P (correct|T ) = [0.9, 0.5]. If a correct answer is recorded, it is
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therefore more likely that the correct threshold is −0.1 logMAR than 0.7 logMAR,
as can be seen in the �gure. The new probability estimation can be calculated
using Bayes' rule. To use it, pdfn(T ), P (correct|T ) and P (correct) are needed.
The �rst and second values have already been determined. The third, P (correct),
is the probability of getting a correct answer. That is the total proportion of
striped area, so P (correct) = 0.5 · 0.9 + 0.5 · 0.5 = 0.7. The new pdf then becomes
[0.5,0.5] · [0.9,0.5]

0.7 = [0.64, 0.36], corresponding to the proportion of green and red area
in the lower left part of Fig. 3.4. If a second trial is performed with the same stimulus
and another correct response, the new pdf will be [0.64,0.36] · [0.9,0.5]

0.64 · 0.9+0.36 · 0.5 = [0.76, 0.24].
A third successive trial at the same stimulus strength would updated the pdf to
[0.85, 0.15].

Figure 3.4: Illustration of the Bayesian procedure for updating the probability of the
true threshold being −0.1 logMAR (green) or 0.7 logMAR (red). The initial guess is
that they are equally probable, with equal area. At the tested stimulus strength, the
pscyhometric function can be used to compute the probability of answering correctly to
be 0.9 if the threshold is −0.1 logMAR but only 0.5 if the threshold is 0.7 logMAR,
indicated by the striped areas. If the subject answers correctly, the probability of the
two possible thresholds is the proportions in the striped areas that determines the new
probability density function. Conversely, if the answer is incorrect the non-striped areas
are used.
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3.2 Challenges of peripheral psychophysics

The study of vision is the quintessential psychophysical experiment, and there is
a vast amount of literature devoted to it. However, the overwhelming majority
of the work performed deals with vision in the fovea or near-periphery. By con-
trast, there are speci�c challenges when evaluating vision in the periphery. These
challenges, and how they a�ect the choice of stimuli, psychophysical algorithm and
psychophysical task, will be described in this section.

Fixation

When designing experiments to test peripheral vision, a �xation target for the fovea
is needed to keep the stimulus at the correct peripheral angle. People with central
visual �eld loss constitute a special case, and the process of �xation in these subjects
will be discussed in Chapter 6. For normal subjects, there are four considerations
that we need to take into account with regard to �xation: 1) Stability of �xation
and possible involuntary saccades, 2) Split attention, 3) Eye muscle strain and 4)
Ensuring no accommodation when imposing refractive errors.

Stability of �xation was achieved in papers 1-4 and 8 by using a Maltese cross
as �xation target. The Maltese cross has the advantage of presenting a range of
detail sizes so that there will always be details of adequate size to stimulate the
accommodation to the �xation distance. Consistently in these the studies, a com-
mon reaction from some of the inexperienced subjects was the fear that they might
have involuntarily moved their eye towards the stimulus, decreasing its eccentricity.
However, it was repeatedly con�rmed through monitoring the eye, both through
manual inspection and using software in the more advanced setup of paper 4, that
no such movement occurred, despite this subjective feeling.

Asking the subject to keep the �xation target in focus while performing periph-
eral psychophysics essentially presents two tasks. It is known that increased load
from foveal tasks decrease attention paid to peripheral stimuli [30, 31]. This split
of attention is unavoidable, and will result in an increased lapse rate compared to
foveal tasks. To counteract this negative impact, we made it possible in prelimi-
nary experiments and paper 1 for subjects to retake a trial in which they felt they
had been inattentive. Cueing the presentation of stimuli with sound substantially
decreased the frequency of use of these repeat presentations. The psychophysical
results did not di�er between o�ering and not o�ering the possibility to retake trials
when sound cues were employed. Therefore, the possibility to retake trials was not
included in subsequent studies. In an experimental setting when the eccentricity
at each subsequent trial is unknown for the subject, the problem of split attention
will be further exacerbated. However, in the work presented in this thesis, the ec-
centricity of the stimuli in a single psychophysical experiment was always the same.
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During experiments with stimuli at a di�erent eccentricity than the �xation, it is
possible to either rotate the head or the eyes. It has been shown that the optical
errors and higher order aberrations remain the same, at least for a short period
of time, irrespective of which mode of rotation is chosen [1, 32�34]. While the
possibility of a di�erence in impact of head and eye rotation respectively on the
peripheral visual function has not been investigated, it can be inferred that, since
rotating the head produces less ocular muscle strain and is more comfortable for
subjects, it will result in better data. Therefore, this was the method chosen by us.

When imposing refractive errors using trial lenses, or in other ways placing com-
ponents in front of the measured eye as in e.g. paper 4, it is necessary to use the
fellow eye for �xation. The fellow eye, fully corrected by e.g. a contact lens, can
maintain �xation and stable accommodation. We used a block to prevent the mea-
sured eye from seeing the �xation target, and thus its �xation and accommodation
was coupled with the fellow eye [35]. Another block stopped the fellow eye from
seeing the stimuli.

Aliasing

The visual consequences of aliasing, as described in detail in Section 2.2, have
profound e�ects for peripheral vision experiments. Subjects can be presented with
a grating which they know must be either horizontal or vertical, yet they perceive
it as e.g. tilted 45°. When that is not expected, it can be frustrating, or subjects
might think that something is wrong with the experiment. Aliasing means that
yes-no paradigms should be avoided and forced choice tests should be used instead.

Fatigue

Fatigue is an important factor to consider in all psychophysical tests. In the pe-
riphery, the added di�culties of �xation, split attention and aliasing will lead to the
subjects being exhausted more quickly. Exhaustion can mean that the threshold
of the subject at the end of the experiment is di�erent from that at the begin-
ning, something that is not factored into our psychophysical models. To alleviate
the problem the subject should be allowed ample time to rest in between tests.
Additionally, it is paramount to limit the number of trials in each threshold deter-
mination session. This was the most important consideration I had in mind when
designing the psychophysical tests of the studies in this thesis.

Orientation of stimuli

O�-axis astigmatism is ubiquitous in human eyes [2]. In the horizontal meridian,
the axis of the o�-axis astigmatism for a negative cylinder correction is 90°. When
measuring uncorrected peripheral vision, the blur of the image will therefore di�er
between the principal meridians. When refractive correction is applied, the blur
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will no longer di�er, but the spectacle magni�cation, which can be calculated as
SM = 1

1−aF , where a is the vertex distance of the spectacles, and F is the power of
the spectacle, will be di�erent in the two meridians. Finally, some have suggested
that neural sensitivity is a�ected by the orientation of the stimuli [36]. All these
e�ects have to be taken into consideration when choosing the type of stimulus.

3.3 How to approach the challenges of peripheral psychophysics

The two primary degrees of freedom when designing a psychophysical experiment
to test a given hypothesis is the choice of stimuli and psychophysical algorithm to
use. This section will describe the choices we made in addressing the issues raised
in the previous section.

Choice of visual stimuli

The stimulus chosen for the psychophysical tests of this thesis is the Gabor patch,
an example of which is shown in Fig. 3.5. It consists of a sine-wave grating multi-
plied by a Gaussian window: g(x, y) = exp(−x

2+y2

σ2 ) sin(ax + by + θ), with x and
y being the coordinates, σ the size parameter of the Gaussian window, a and b
determining the orientation and spatial frequency, and θ the phase of the grating.
The radius of the Gabor patch that can be seen is roughly twice the standard de-
viation of the Gaussian window, 2σ. The Gabor patch has several advantages as a
peripheral stimulus: 1) The eccentricity is well-de�ned. 2) Almost a single spatial
frequency is presented, so edge e�ects are avoided. 3) It allows drifting stimuli to
be presented within the same retinal area as the stationary patch. 4) It can be
used for detection tests (described later in this section) as the mean luminance of
the screen is not changed. It should be noted that ideally at least 6 cycles of the
Gabor patch should be visible [37, 38]. For example, on a normal-sized screen at
3 m distance the number of cycles will be less than desired when spatial frequencies
worse than 1.1 logMAR are presented.

A crucial experimental condition when performing detection or contrast sensitiv-
ity tests (see later in this section) is that the stimulus screen has to be properly
calibrated, and that luminance-neutral stimuli (e.g. Gabor gratings) are used. Oth-
erwise, it may be possible for the subject to detect the stimulus by the luminance
change of the screen. Such calibration routines are available in the Psychophysics
Toolbox for Matlab [39, 40], which was used for all papers involving psychophysics
in this thesis.

3.4 Choice of psychophysical algorithm

For all psychophysical studies in this thesis a single stimulus strength parameter,
the spatial frequency, was varied and its threshold determined for the measured
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Figure 3.5: A Gabor patch, a pattern which is ideal to use as a stimulus for peripheral
vision tasks.

condition. The contrast, luminance, object size, imposed optical error and possible
drifting speed were kept constant during the psychophysical tests. Some of these
other conditions were however varied between tests, but the psychometric function
was �tted to the spatial frequency only.

It is preferable to use Bayesian methods to reduce the number of trials. However,
in peripheral vision, the width of the psychometric function, d, was not known
beforehand and was therefore investigated as part of paper 1. An adapted version
of the Ψ-method by Kontsevich and Tyler [41] was implemented and tested, with
satisfactory results. The Ψ-method is an improved Bayesian method that estimates
a two-dimensional pdf. In addition to the threshold, the width is also sought. In
the pdf, probability is assigned to combinations of threshold and width and esti-
mated using Bayes' rule. Additionally, to reduce the number of trials needed and
in contrast to e.g. QUEST, the next trial is not placed at the estimated threshold.
Instead, the entropy is minimized the following way: From the pdf, it is possible to
calculate the likelihood function of the outcome of each possible stimulus presen-
tation, and how a correct or incorrect response would a�ect the pdf. The stimulus
chosen is then the one which will reduce the entropy of the pdf the most.

Simulations showed that while 30 trials were su�cient to determine the thresh-
old when the width is known, a measurement with 300 trials would be required to
determine both the threshold and the width. A series of 10 of these longer measure-
ments were conducted to estimate the width under various conditions. The value
of the width depended on the experimental condition, e.g. contrast level, whether
there was defocus and the choice of visual task. The range of the width values
was between 0.015 and 0.08 logMAR, with the mean value being 0.04 logMAR
and standard deviation 0.02 logMAR, with the values in the higher range being
correlated with low contrast, drifting stimuli and testing detection rather than res-
olution. When doing 30 trials, the width will not converge and the estimated value
will depend on the prior probability assigned. On the other hand, the threshold
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will converge, with a standard deviation of its pdf around 0.05 logMAR. In the
papers that constitute this thesis, we have used this entropy-minimizing algorithm
with 30-50 trials, where each threshold determination takes at most a few minutes.
This presented the ideal compromise between accuracy, speed and fatigue.

Choice of visual task

One important parameter of the psychophysical test is the task, i.e. what the sub-
ject is supposed to see or do. Generally, tasks can be ranked in order of increasing
complexity. Tests with higher complexity also test brain abilities whereas lower
complexity tasks are more directly associated with visual function. Here, detection
and resolution will be discussed. While tasks with higher complexity exist, they
lie beyond the scope of this thesis since they involve higher cognitive functions.
Detection is de�ned as the ability to perceive the existence of a stimulus, but the
subject is not required to say anything more. Resolution requires the subject to be
able to identify or categorize what is being seen.

In the studies presented in this thesis, resolution was tested in two-alternative-
forced-choice (2AFC) tasks, where the subjects e.g. had to answer whether the
Gabor gratings presented were horizontal or vertical. Earlier studies have shown
that high-contrast resolution acuity in the periphery is limited by neural factors
and therefore not a�ected by optical errors [42, 43]. We con�rmed these �ndings,
shown for one subject as the blue crosses in Fig. 3.6. Additionally, we showed as
part of papers 1, 4, 5, and 8 that low-contrast resolution acuity is limited by optical
rather than neural factors in the periphery. An example of this is shown as the
black dots in Fig. 3.6.

For detection, we used two-interval-forced-choice (2IFC), wherein there are two time
intervals, cued by sound, and the stimulus is present in one of those intervals. The
task of the subject is to see, or guess, the correct interval. The subject is able to
perceive the presence of the stimulus even when the sampling of the image is aliased.
As a consequence, degraded image quality will decrease detection acuity, even for
high-contrast images. This is shown with the red �lled circles in Fig. 3.6 and was
known previously [42, 43]. However, something that I could not �nd descriptions of
in earlier work was the fact that the peripheral detection acuity degradation with
increased optical errors peters out after a certain amount of induced defocus, as
shown in the left- and rightmost part of Fig. 3.6. This nonlinearity was commented
on and explained in paper 1. In short, the phenomenon appears when detection
acuity is degraded to be equal to that of resolution acuity. When that happens,
aliasing is no longer present and detection by aliasing is not possible. This creates
a plateau, a dioptric range in which the detection acuity does not further decrease.
The reason for this plateau is that detection by aliasing requires a higher contrast
than normal detection [44], which is also evident in the contrast reduction in Fig.
2.3.
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Figure 3.6: Impact of defocus depending on peripheral visual task. High contrast
resolution acuity (blue crosses) is not a�ected by defocus, whereas both detection (red
�lled circles) and low-contrast resolution acuity (black dots) are.

The di�erence in impact of optical errors between low and high-contrast resolution
acuity in the periphery creates a conundrum in experimental design: Which con-
trast or spatial frequencies should be tested? Sometimes, vision will be limited by
neural factors and at other times by optical factors. It could be argued that the
experimenter should predetermine which types of stimuli are of interest and design
the experiment accordingly. For example, one of the most frequent complaints from
persons with central visual �eld loss is the inability to recognize faces [45], and one
possible avenue for further study is the classi�cation of the range of contrasts and
spatial frequencies in normal faces and optimize vision accordingly. However, there
is a strong attraction in building general models of peripheral vision without being
bound to a certain contrast or spatial frequency.

The most parsimonious way to describe visual function is to use the contrast sen-
sitivity function (CSF). This function describes the contrast sensitivity, i.e. the
inverse of the lowest contrast threshold that can still be perceived, as a function
of spatial frequency of the stimulus. If the CSF is known, other values commonly
reported, e.g. the high-contrast visual acuity, can be extracted from it. The major
disadvantage of using the CSF as the basis of visual evaluation is the long measure-
ment time. In many instances, existing works that determine the peripheral CSF do
not correct the refractive errors of their subjects. As a result, they cannot be relied
upon to give normative data, since the underlying optical errors were not reported.
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However, one study performed by Thibos et al. [46] on one subject did use full re-
fractive correction and investigated detection and resolution CSF in the periphery.
The main di�erence to a foveal CSF curve, besides shifting, is the sudden cuto� for
resolution at the aliasing zone where resolution acuity is lost. Detection acuity, on
the other hand, exists in the aliasing zone and shows a slow, linear decrease in the
logarithm space.





Chapter Four

Measurement of optical errors

The gold standard to determine refractive errors foveally is subjective refraction. In
the periphery, subjective refraction is arduous and is thus only used for persons with
central visual �eld loss. Subjective refraction for those persons will be discussed in
Chapter 6. This chapter will deal with objective methods to determine the full range
of optical errors in the periphery. A number of techniques to objectively evaluate
peripheral optical errors exist, but the consensus is that the Hartmann-Shack (HS)
wavefront sensor, �rst used on human eyes in 1994 [47], is the method of choice [48�
50]. It has, with a few exceptions, been the technique used to evaluate peripheral
optics in the work forming this thesis and will be described in detail in the next
section. Another option is photorefraction, best represented by the PowerRefractor
[51]. This method only quanti�es refractive errors, but has the advantage of not
being invasive as it can be placed at a distance from the subject. Other objective
methods for evaluating peripheral optics can be found in the references [48�50].

4.1 Peripheral wavefront sensing

Principles of the Hartmann-Shack sensor

A distant point source will emit light that gives rise to a perfectly planar wavefront.
In an ideal eye, this wavefront would be focused into a single di�raction-limited spot
on the retina. Imperfections in the optics of the eye will mean that the rays are
spread out. This metric, what the image of a distant point source looks like in
an optical system, is called the point spread function (PSF). It is complicated to
directly measure the PSF on the retina. Instead, light from a point on the retina
imaged out of the eye is used and the emerging wavefront measured. To create this
retinal point source, a narrow collimated beam of laser light is sent into the eye
producing a di�use re�ection of about 1 % of incident intensity. If the optics of the
examined eye were perfect, the exiting wavefront would be planar. Aberrations are

27
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manifest as parts of the wavefront being advanced or retarded, as shown in the left
part of Fig. 4.1. A HS sensor is able to measure these phase di�erences and from
that calculate the optical errors of the eye.

CCD
Microlenses

Microlens
centres

Spots

Flat wavefront

Aberrated
wavefront

Incoming
light

Figure 4.1: The principle of a Hartmann-Shack wavefront sensor. The left part shows
how a narrow, collimated beam illuminates a spot on the retina. The di�use re�ection
from this spot then exits the eye with a wavefront that can be measured. Relay optics (not
shown) conjugates the sensor to the pupil plane of the subject (meaning that the pupil
plane is imaged onto the microlenses). The right part shows the focusing of the wavefront
with the microlenses, where the displacement behind each microlens (the HS spots) will
give the slope of the wavefront in that particular location.

A HS sensor consists of a matrix with a large number of microlenses, as depicted in
the right part of Fig. 4.1. When a wavefront falls upon the sensor, each microlens
will focus the incident part of the wavefront into a spot image (HS spot). If the part
of the wavefront incident on that microlens was not tilted, the spot will be located
directly behind the microlens. However, if the microlens focuses a sloped part of
the wavefront, the HS spot will be displaced relative to the center of the microlens.
This displacement can be measured by a CCD camera located behind the microlens
array and recalculated to give the slope of the wavefront in that particular region.
Integration of the wavefront slope will then give the wavefront map.

Zernike coe�cients and elliptical pupils

A direct reconstruction of the shape of the wavefront is called zonal reconstruc-
tion. This is relatively uncommon. Rather, reconstruction is done over the whole
wavefront using global parameters, with the spot positions used as observed data
to which the parameter set is �tted. The norm is to use coe�cients of Zernike poly-
nomials as those global parameters [52]. Zernike polynomials are an in�nite set of
orthogonal basis functions speci�ed in polar coordinates. They consist of a polyno-
mial function of the radius and an azimuthal part. The radius is normalized, with
a value of one at the edge of the pupil. Therefore, additional information about
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the pupil radius is needed to specify a measurement. The coe�cients for these
basis functions are �tted to the wavefront data using the method of least squares.
Zernike polynomials are usually classi�ed by the order of the radial polynomial, e.g.√

3(2ρ2 − 1) is a second order term (defocus). Thus, the whole wavefront shape,
W , can be described as the sum of Zernike coe�cients multiplied by the Zernike
polynomials.

W =
∑

cmn Z
m
n

Using Zernike coe�cients to specify aberrations carries several advantages. The
method allows statistical and quantitative treatment of wavefront data from larger
populations as well as rescaling of wavefront data to compare eyes with di�erent
pupil size [53]. The value of each particular Zernike coe�cient is equal to the root
mean square (RMS) of the wavefront deviation it causes and, since they are or-
thogonal, the square root of the sum of squares of the coe�cients is the same as
the total RMS of the wavefront. Additionally, using Zernike coe�cients has peda-
gogical and communicative advantages, since di�erent coe�cients relate to the well
known Seidel aberrations. For example, the second order terms relate to refractive
errors, among third order terms are vertical and horizontical coma and one of the
fourth order term is spherical aberration.

The largest disadvantage in using Zernike coe�cients for our purposes is that the
implicit assumption of using polar coordinates is a circular pupil. In the periphery,
the projected area of the circular pupil will be an ellipse, with a minor axis radius
reduced by approximately a factor of cos θ compared to the major axis, where θ is
the eccentricity. There are three methods to handle this complication [3]. The �rst
method is to stretch the minor axis of the elliptical wavefront until it becomes cir-
cular and �t Zernike coe�cients to the stretched wavefront. This has the advantage
of not discarding any data, but the disadvantage that the connection between the
coe�cients and the Seidel interpretation is no longer self-evident. Furthermore, the
contribution from all data points will be distributed unevenly. The second method
is to inscribe a circular pupil. This is the default behavior among most commercial
aberrometers and has the advantage of easy implementation. The disadvantage is
that some parts of the wavefront will simply be discarded. The third method is to
use a circumscribed pupil. In that method, the Zernike coe�cients are extrapolated
to cover parts of the circle not included in the wavefront. However, the least squares
�t of the coe�cients is made to the actual data, which exists only located within the
elliptical pupil. This is the method we prefer and used in papers 2 and 7. In parts
of papers 2, 4, 5 and 8, commercial aberrometers were used, which necessitated
inscribed pupils. Whichever method is used, it is important to note that the raw
coe�cient values can only be compared when the pupil is speci�ed similarly, and
at the same pupil size. When doing Fourier optics simulations to calculate image
quality, as described later in this chapter, the �rst and third method (stretching
and circumscribing) will give identical image quality results. However, the second
method (inscribing) will discard data and give di�erent results.
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It is not possible to place the microlens array immediately outside the pupil. In-
stead, the pupil plane is made conjugate to the HS sensor through afocal systems.
These afocal systems can have a lateral magni�cation that di�ers from one. As a
consequence, the pupil radius at the HS will di�er from the real pupil radius by the
magni�cation factor. However, the calculated Zernike coe�cients are the same as
if the afocal systems had a magni�cation of unity, and thus should not be rescaled.
This can be understood as the height of the wavefront will be preserved by the tele-
scopes while the pupil radius is scaled. The slope of the wavefront is height divided
by radius, so the slope will change by a factor of one divided by the magni�cation,
or in other words adding a magni�cation factor to the denominator. However, the
calculation of coe�cient values in microns involves multiplying by the radius (for
details see e.g. Franzén [54]), which adds a magni�cation factor to the numerator.
These cancel out, and the calculated coe�cients are those of the actual pupil.

4.2 Analyzing wavefront data

The RMS of the wavefront gives an indication of image quality. However, it is not
that well correlated with actual visual function, even for foveal vision [55]. In the
periphery, estimating image quality using the RMS of the Zernike coe�cients will
be bereft with additional inaccuracies, since the elliptical shape of the pupil is not
taken into account. Therefore, Fourier optics is commonly used to provide more
accurate simulations and estimates of image quality.

Fourier optics

Fourier optics is a powerful toolset for analysis of optical quality. A full descrip-
tion is available in the references [56]. Here, only a short summary of its most
important tools for calculating image quality on the retina is included. The general
principle is that an object or an image can be seen as consisting of structures of
di�erent spatial frequencies. The ability of an optical system, for instance the eye,
to transfer contrast (also called modulation) from an object to its image varies with
spatial frequency. These characteristics of an optical system can be described by its
modulation transfer function (MTF), which is a function of spatial frequency. The
MTF has a range between 0 (no information of that spatial frequency transferred
to the retina) and 1 (all contrast at that spatial frequency preserved).

In Fourier optics, images can be simulated by convolution. This means that every
object point is imaged with a PSF and creates a distribution of light in the image.
An overview of the calculation procedure can be seen in Fig. 4.2. Several sets
of coordinates are used. First, we de�ne (x, y) as coordinates in the pupil plane.
Then, we specify (u, v) as coordinates in the image plane, (ξ, η) as coordinates in
the object plane and (fx, fy) as coordinates in the frequency plane. The wavefront
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height map is speci�ed by the Zernike coe�cients to be W (x, y). From it, the pupil
function can be calculated.

P (x, y) = pupil shape · e(−
i2π
λ W (x,y))e−

β
2 (x2+y2)

The pupil shape is a binary indicator function, with a value of one for all parts of the
pupil included and zero otherwise. It is worth highlighting that it is important to
make this shape elliptical for simulation of peripheral image quality, especially if the
aberrations were obtained for a large circumscribed pupil. Additional parameters
are λ, the wavelength, and β, the Stiles-Crawford parameter (which models the
directional dependence of the sensitivity of the photoreceptors, set to zero if the
Stiles-Crawford e�ect is not taken into account and about 0.116 for the average eye
[57]). From the pupil function, the amplitude of the point spread function, h(u, v),
can be calculated with the Fresnel di�raction integral.

h(u, v) =
A

λz

∫∫ ∞
−∞

P (x, y)e(−i
2π
λz [ux+vy])dxdy = F(P (x, y))

Here, z is the distance from the pupil to the image plane and A is a normalization
factor (so that total intensity does not increase). This integral is equivalent to
taking the Fourier transform of the pupil function. If the object emitted coherent
light, the image could be calculated as the convolution of h(u, v) with the object,
essentially assuming that the amplitude in the image plane can be added. However,
in all practical cases in vision science, the light from the object is incoherent. Thus,
the intensity in the image plane is added to form the image and we must convolve
the object function with the square of h(u, v), which we de�ne as the PSF.

PSF(u, v) = |h(u, v)|2

Assuming a magni�cation of one, the image intensity I(u, v) can be calculated from
the object intensity O(ξ, η) and the PSF.

I(u, v) =

∫∫ ∞
−∞

PSF(u− ξ, v − η)O(ξ, η)dξdη

However, this convolution is not practical to calculate directly. Instead, we note
that a convolution in real space is identical to a multiplication in Fourier space.
Therefore, we instead calculate the optical transfer function (OTF) speci�ed in
Fourier space with frequencies as coordinates.

OTF(fx, fy) =

∫∫ ∞
−∞

PSF(u, v)e−i2π(fxu+fyv)dudv = F(PSF(u, v))

Then, the image in Fourier space can be calculated.

I(fx, fy) = OTF(fx, fy)O(fx, fy)
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For this, the Fourier transform of the object is needed.

O(fx, fy) =

∫∫ ∞
−∞

O(ξ, η)e−i2π(fxξ+fyη)dξdη = F(O(ξ, η))

Finally, the image in real space can be calculated as the inverse Fourier transform
of the image in Fourier space.

I(u, v) =

∫∫ ∞
−∞

I(fx, fy)e−i2π(ufx+vfy)dfxdfy = F(I(fx, fy))

In practice, all Fourier transforms are done using the Fast Fourier Transform, a
powerful computational tool which allows quick calculation of discretely sampled
images.

Image quality metrics

From the optical data calculated in Fourier optics, a number of image quality met-
rics can be obtained. The RMS error is, as has already been described, found
directly from the wavefront. From the PSF, the Strehl ratio can be calculated as
the ratio between the peak intensity of the PSF and the peak intensity of a di�rac-
tion limited PSF from a pupil of the same size. The MTF described earlier is
de�ned as the absolute value of the OTF. The MTF can be condensed into a single
value describing the image quality by e.g. taking the area under it. This has been
the main metric used for papers 7 and 8, though we limited it to a maximum of
10 cycles per degree to re�ect the inability of the peripheral sampling to perceive
structures of higher spatial frequency. Numerous other metrics exist, which are
nicely described in an article by Marsack et al. [55]. They found that the best
image quality metric was the visual Strehl OTF, which includes neural weighting of
the spatial frequencies. However, the neural components of the visual system di�er
greatly between the fovea and periphery, and any implementation of these compo-
nents into image quality metrics would have to be customized for the periphery.

It is also possible to use metrics where the properties of the object are taken into
account. This is the norm for psychophysical ideal observer models in medical
imaging science [58]. It could be advantageous to adopt this approach to vision
science as well. For example, the optimal refraction could di�er between reading
and face recognition tasks. We have made a tentative e�ort in this area using
optical character recognition (OCR) software, which improved the accuracy of the
estimation of spherical refraction from wavefront data [59].

Depth of �eld

The depth of �eld, or the impact of defocus on image quality and vision, is impor-
tant to investigate for several reasons. It a�ects the possible bene�t of a sphero-
cylindrical refractive correction, and puts measured peripheral refractive errors into
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Figure 4.2: An overview of the calculations necessary to perform Fourier optics simula-
tions. The simulations were made for foveal vision of the right eye of the author, which is
slightly myopic (−0.5 D) at 5 mm pupil size. The object is a letter equivalent to a visual
acuity of 1.0.
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perspective. Discussing the depth of �eld also nuances the discourse on aberrations,
as aberrations can in�uence the depth of �eld under certain conditions.

When discussing depth of �eld, it needs to be decided whether it is relative or ab-
solute depth of �eld that matters. Absolute depth of �eld is the amount of added
diopters that are needed to reach below a certain criterion, either a visual or an
optical level. Relative depth of �eld instead requires a certain amount of vision
degradation, for instance a loss of 0.3 logMAR, or a certain percentage of optical
quality lost. For the papers in this thesis, we have used relative depth of �eld,
both in the psychophysical context (measuring the slope of the through-focus curve
describing acuities at di�erent levels of defocus) and in the optical context (how
many diopters are required to decrease area under MTF to only 20 % of peak area).
The primary reason for this choice was that any absolute threshold would have to
di�er depending on eccentricity, creating an in�exible de�nition of depth of �eld.

It is important to note that the depth of �eld does not need to be symmetrical; the
impact of positive and negative defocus can di�er. Indeed, in paper 1 and 8 we saw
that an asymmetry, with larger depth of �eld for negative defocus, seems common.
The optical and psychophysical asymmetry in depth of �eld were correlated, and
was more common among myopes. This phenomenon will be discussed further in
Chapter 7 on myopia.



Chapter Five

Adaptive optics

With the discovery of astigmatism by Thomas Young in 1801 [60] and its later
correction by cylindrical lenses, originally proposed by George Airy [61], correction
of most of the optical errors commonly found in human foveal vision had been
achieved. The next step, correction of higher order aberrations, was �rst suggested
1961 by Smirnov [62] and accomplished in 1997 by Liang et al. using adaptive optics
(AO) [63]. AO, originally developed for astronomy to compensate for atmospheric
distortions of the image, attempts to correct and compensate for all wavefront
errors of the eye, and has since become a booming area in vision science. It has
particular potential for peripheral vision, since higher order aberrations, primarily
coma, are larger there than in the fovea. In this chapter, Section 5.1 will describe
the principles of AO and Section 5.2 will focus on the technical issues speci�c to
adapting AO to measurements in the periphery. Then, Section 5.3 will summarize
what is known about the visual bene�ts of aberration correction; �rst in the fovea
and then what has been found in this thesis regarding bene�ts in the periphery.

5.1 Principles of adaptive optics

The aim of adaptive optics for vision analysis is to create a di�raction-limited im-
age on the retina. The two main components in the system are a wavefront sensor
measuring the optical errors, and a correction element to compensate for them.
The correction element compensates for the ocular errors by essentially deforming
the wavefront to be the opposite of the errors of the eye. Thus, a pre-aberrated
wavefront is incident on the eye which, after refraction by the optics of the eye,
forms a perfectly spherical wavefront focused on the retina. There are mainly two
types of correction elements: deformable mirrors and liquid crystal modulators [64].
The liquid crystal modulator has the advantage of low cost and high resolution, but
the disadvantage of monochromaticity. Deformable mirrors are more common, and
a deformable mirror was used in the setup constructed for this thesis. A schematic
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Figure 5.1: A schematic view of the adaptive optics system that was constructed
during the work leading to this thesis. Full details are available in paper 4. A few critical
components are the following:
� A deformable mirror (DM).
� A Hartmann-Shack wavefront sensor (HS).
� Afocal systems that conjugate the pupil plane with the deformable mirror, utlilizing its
full area (L1+L2). Afterwards, afocal systems for looking at the stimuli (L3+L4) as well
as conjugating the deformable mirror with the wavefront sensor (L3+L5).
� A hot mirror (BS) that re�ects the measurement light but blocks the subject from seeing
the Hartmann-Shack sensor.
� The aligned narrow beam of measurement light at 830 nm and 4 µW, including a tiltable
glass plate which can be used to remove corneal re�exes (LD).
� A pupil camera that shows a sharp image of the pupil when it is at focal distance to the
�rst lens of the system (CCD).

image of that setup can be seen in Fig. 5.1, with details provided in the �gure text
and in paper 4.

A deformable mirror consists of a number of actuators, pushable elements that only
a�ect parts of the mirror. The wavefront sensor, the principles of which were de-
scribed in the previous chapter, is connected to the deformable mirror via a control
computer. The control of the deformable mirror is usually done through the Zernike
coe�cients. When calibrating the setup, an interaction matrix, essentially a map-
ping between each actuator and its in�uence on all Zernike coe�cients, is created.
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The procedure for creating an interaction matrix is to send in a perfectly planar
wavefront through the system and move the actuators, one at a time, observing
their e�ect on the measured wavefront. If the inverse of the in�uence matrix is
calculated, a command matrix can be created, a mapping between each Zernike co-
e�cient and all actuators. Thus, a number of combinations of actuator movement
for a�ecting each Zernike coe�cient is produced. Since the Zernike polynomials are
orthogonal, ideally they should each be individually controllable.

Correction of refractive errors

The interaction matrix is created for a �xed adjustment of the actuators, under
the assumption that doubling the adjustment will double the e�ect on the Zernike
coe�cients. In other words, a linear behavior is assumed. This assumption breaks
down when the incident wavefront di�ers too much from the planar wavefront used
in preparing the interaction matrix. It has been suggested that a second deformable
mirror should be included to compensate for lower order aberrations (refractive
errors), leaving the primary mirror to compensate only for higher order aberrations
in a relatively planar wavefront (see e.g. Zou and Burns [65]). Another way is to
use a variable Badal system to correct the spherical errors. Using Badal correction
has the main advantage of allowing accurate correction of spherical errors without
altering the magni�cation of the stimuli, while being less technically complex than
a full setup with a total of two deformable mirrors in tandem. The Badal principle
consists of placing the last lens (the Badal lens) of the telescope at a distance to the
eye equal to its focal length. To alter the spherical power, the distance between the
Badal lens and the other lens in the telescope is altered. This can be accomplished
by e.g. having mirrors re�ect the light via a translation stage of variable length.

5.2 Peripheral adaptive optics

There has been one previous study done on adaptive optics in the periphery by
Lundström et al., using a system constructed for foveal measurements [66]. The
authors found that aberration correction had a limited impact on high-contrast
resolution acuity for young and healthy subjects. We wished to extend this study
with an adaptive optics system customized for peripheral vision. Therefore, a large
part of the work resulting in this thesis has consisted of building, improving and
maintaining that system, presented in papers 4 and 5.

Challenges and construction

As is the case for measurements of peripheral vision, peripheral adaptive optics has
a number of extra challenges compared to foveal adaptive optics. First, astigma-
tism is ubiquitous in the periphery. This cannot be corrected with a Badal system,
necessitating trial lenses and thus magni�cation compensation in the psychophys-
ical routines. Therefore, we opted to also compensate spherical errors with trial
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lenses for reasons of simplicity of the optical setup. Second, �xation aid is required.
For healthy subjects, we used the fellow eye. This requires keeping one side of the
system open and the subject looking through a mirror when measuring the opposite
side of the visual �eld. Furthermore, di�erent parts of the setup can act as stimuli,
and may trigger accommodation as well as distract the subject. To alleviate this
e�ect, measurements are usually done in dim light, with black screens strategically
placed to prevent undesired stimuli. A third factor to consider is the alignment of
the subject. It is important to ensure that the head of the subject is kept stationary
when doing peripheral tests, since the consequences of movement are large when
the higher order aberrations are large. Surprisingly, the stability of the eyes was
similar with a bite bar as with a chin rest, so we opted to use a chin rest for reasons
of comfort. Ultimately, the instability required us to use continuous closed loop
correction rather than static closed loop correction. This was the most important
issue faced during construction, and will be described in detail in the section below.

Finally, the defocus of the system needs to be considered. In foveal adaptive optics,
the defocus level is usually set through manual adjustment by the subject. This
was not possible for us, due to the di�culty of subjective preference for peripheral
image quality. Instead, we used foveal through-focus low-contrast-acuity measure-
ments, sampled in steps of 0.2 D, in order to �nd the optimal defocus setting of the
system. Since this method was consistent over subjects, and resulted in what was
theoretically predicted from distance and chromatic di�erence, we were satis�ed
that the defocus setting was accurate.

Stationary vs continuous closed loop

When the adaptive optics system is continuously measuring the residual optical
errors and trying to correct them, it is running in a closed loop. Foveally, it is
common to run the adaptive optics system in closed loop until the desired level
of correction has been achieved, usually less than 0.10 µm residual RMS error of
the wavefront. Afterwards, the system is frozen and the same stationary correction
is applied throughout the visual test. Doing so has two key advantages. First, it
avoids the accumulation of errors in correction that can happen over time when
small residual errors in the correction matrix remain. Second, it allows the infrared
measurement light to be turned o�, which would otherwise disturb the subject.
However, in the periphery it is critical to do a continuous rather than stationary
closed loop correction. An example of the residual aberrations of one subject with
continuous and static AO correction can be seen in Fig. 5.2. In paper 4, we showed
that the visual improvements with adaptive optics correction compared to best re-
fractive correction disappeared when the adaptive optics correction was only static
closed loop. The need to turn o� the infrared measurement light does not apply
in the periphery, since it su�ced to use 4 µW at 830 nm. While such light can
be seen foveally, this is not detectable in the periphery and therefore does not dis-
turb the psychophysical measurements. The current system can run for more than
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10 minutes, well beyond the patience of any subject being measured, and has the
robustness to handle large movements and blinking.

Figure 5.2: Residual higher order RMS (HORMS) for one subject with three di�erent
modes of correction: refractive correction only (black), static aberration correction (red)
and continuous closed loop aberration correction (blue).

5.3 Bene�ts of adaptive optics correction

Adaptive optics for the eye has two main areas of application: retinal imaging and
visual evaluation. In the case of retinal imaging, the sharpest possible images of
small retinal structures are desired. As the imaging has to be done through the
optics of the eye, imperfections there will degrade �nal image quality. The second
area of interest, and the focus of this thesis, is the evaluation of the visual impact of
aberrations and their correction. Evaluation of the impact of aberrations on vision
has clinical relevance and this section will describe the bene�ts of adaptive optics
correction, foveally as well as in the periphery.

Foveal bene�ts

In general, the use of full adaptive optics aberration correction for foveal vision
on normal subjects, compared to solely correcting the spherical and cylindrical
errors, seems to improve visual acuity by about one line (0.1 logMAR) [67�70]. The
contrast sensitivity at high spatial frequencies (above 10 cycles per degree) can also
be substantially increased [63, 71�74]. However, there seems to be no bene�t at low
spatial frequencies (less than 10 cycles per degree). Adaptive optics has also been
applied to study several more complex visual phenomena in the fovea: subjective
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preference tasks [75], depth of focus measurements [76], binocular summation [77],
neural adaptation [78], and simulations of intraocular lenses [79].

Peripheral bene�ts

As part of this thesis, the impact of correcting the peripheral higher order aberra-
tions has been investigated in three areas:

� Low-contrast resolution acuity in the 20° nasal visual �eld, described in pa-
per 4. The acuity with best refractive correction was compared to that with
adaptive optics correction. The acuity could be improved, with a mean gain
of 0.04 ±0.06 logMAR and a maximal gain of 0.15 logMAR. The improvement
was highly correlated with the amount of higher order aberrations the sub-
jects had. It should be noted that our subjects were young. Older subjects,
which are known to have more peripheral higher order aberrations, could be
theorized to bene�t more on average [80, 81].

� Low- and high-contrast resolution acuity for a subject with central visual �eld
loss. The bene�ts were larger than for healthy subjects, and is described in
the next chapter as well as in paper 5.

� Contrast sensitivity (unpublished data). Currently, we are working on es-
timating the contrast sensitivity function in the periphery using a modi�ed
version of the quick-CSF algorithm [82]. Preliminary results indicate that,
contrary to foveal measurements, there could be bene�ts for the contrast sen-
sitivity below 10 cycles per degree with AO correction. For the subject shown
in Fig. 5.3, the area under the logarithmized CSF increased by 25 % compared
to solely refractive correction.
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Figure 5.3: Contrast sensitivity as a function of spatial frequency in cycles per degree in
the 20° nasal visual �eld for one subject with refractive correction (upper) and adaptive
optics correction (lower). Shown are correct responses (black), incorrect responses (red),
estimated CSF (green curve) and 95 % con�dence interval of curve (grey) and cuto�
frequency (cyan).





Chapter Six

Central visual �eld loss

Peripheral vision is of outmost importance for persons with central visual �eld
loss (CFL), and a number of earlier papers from our group have focused on this
particular use of peripheral vision [83�86]. This chapter will focus on the possibility
of using optical correction to improve the remaining vision for persons with CFL. In
Section 6.1 the diseases causing CFL will be described along with issues of eccentric
�xation. Section 6.2 will then summarize the prevailing ideas for accurately �nding
the refractive errors of persons with CFL. Finally, Section 6.3 o�ers interpretation
and discussion on three issues pertaining to CFL that have arisen during the work of
this thesis: how to improve subjective refraction, the question of dynamic stimuli,
and aberration correction.

6.1 Epidemiology and treatment

Roughly 5 % of the population above 65 years of age is a�ected by CFL, and it is the
leading cause of blindness in the Western world [87�90]. The most common cause
of CFL is a dysfunctional fovea due to age related macular degeneration (AMD).
There are two variants of AMD; wet and dry. Dry AMD is the more common of
the two and consists of gradual receptor death over long periods of time. There
is currently no cure available. Wet AMD is quicker in progression and caused by
leakage of blood in the retina. There are medicines available that can stop the leak-
age, but no treatment to restore cells already lost. Other diseases with di�erent
causes, but resulting in similar retinal conditions, are e.g. Leber's optic atrophy
and Stargardt's disease. As the cell death can not be reversed, treatment aims to
improve the remaining peripheral visual function. When the central visual �eld is
lost, vision is transformed from that simulated in Fig. 6.1 to that of Fig. 6.2. Op-
tical correction could potentially improve resolution to that simulated in Fig. 6.3
(refractive correction) and Fig. 6.4 (correction of all aberrations). As the central
visual �eld is lost, one or multiple preferred retinal loci (PRL) are acquired or can
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Figure 6.1: Simulated vision for a healthy subject showing relative degradation in periph-
eral compared to central vision, with refractive errors, higher order aberrations, chromatic
errors and sampling limitations out to ±50°. Blur of one minute of arc is represented by
one pixel, so the angular acuity is correct if the printed thesis is held at 30 cm distance.

Figure 6.2: The same simulation as in Fig. 6.1 with a central scotoma added. Compared
to Fig. 6.1 the central vision is lost and only peripheral vision remains.
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Figure 6.3: The same simulation as in Fig. 6.2, with refractive errors removed, leaving
chromatic and monochromatic aberrations.

Figure 6.4: The same image as in Fig. 6.3, with all aberrations corrected. The smallest
observable details in the periphery remain the same, but the contrast is improved with
aberration correction.
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be trained [91]. A PRL consis of an area of healthy retina in the periphery that is
preferentially used for visual tasks. Training patients with CFL to use a PRL may
increase e.g. reading speed [91�93]. The fact that the same area of the peripheral
retina is consistently used means that optical correction can be adapted to that
particular o�-axis angle.

The primary optical aid for persons with CFL is magni�cation [94]. Magni�cation
can be accomplished with a magnifying glass or a high power loupe. Loupes have a
short focal length, and sometimes placement aid, and allow magni�cation of objects
that are close. To view objects at longer distances, various telescopes are available.
The main drawback of using magni�cation is the limitation imposed on the �eld
of view. There is also an upper limit to the amount of magni�cation possible to use.

Saccadic eye movements, during e.g. reading, are also more di�cult with CFL, since
the purpose of such a movement usually is to bring images to the fovea. However,
the persons with CFL need to bring their stimuli to the PRL instead [95]. The PRL
is not a pseudofovea, and using the PRL to control �xation is di�cult. One way
to ease this procedure is to have moving text [96]: Once the person has �xated on
the correct location, the text will automatically drift to and past the PRL. Another
solution is the use of various forms of �xation aids, e.g. concentric rings together
with radial lines [86]. The patient can place their scotoma on the area of the rings
that place the stimuli at their PRL. As such, they orient using their scotoma, since
some parts of the rings will be blocked by it. This solution was used in paper 5, an
example of which is shown in Fig. 6.5.

Figure 6.5: A Gabor grating with luminance-neutral concentric �xation rings, used in
paper 5.
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6.2 Peripheral refraction

A standard refraction usually starts with an objective measurement which is then
re�ned by a subjective refraction involving responses from the subject [9]. The
subjective refraction involves placing trial lenses in front of the subjects eyes and
recording the acuity, choosing the trial lenses that provide the best vision. While
looking at letters or other objects with high contrast, the subject is asked to rank
consecutive images as �better or worse�. Peripheral refraction of persons with CFL
is more di�cult to perform than standard refraction, both subjectively and objec-
tively. This section will give a brief overview of refraction techniques used on these
persons, which will then be discussed in the next section.

Subjective refraction techniques

There are several reasons why it is di�cult to perform subjective peripheral refrac-
tion [48]. Healthy subjects need to keep attention in the periphery while �xating
with the fovea. Persons with CFL need to keep the �xation on the stimuli while the
refractive correction is changed, which is di�cult due to the reasons described in the
previous section. Furthermore, the presence of aliasing makes refraction substan-
tially more di�cult. When an image is aliased, the process of ranking image quality
for high-contrast images described above becomes ambiguous. Generally, low vision
clinics in Sweden use a modi�ed variant of standard refraction with high-contrast
letters. Due to the limited impact of defocus on peripheral high-contrast resolu-
tion acuity, it is common to use large defocus steps (about 2 D). However, �nding
the refractive errors with higher granularity is important, as we have shown that
it a�ects low-contrast resolution acuity, and it is previously known that detection
acuity is a�ected as well. This will be discussed further in Section 6.3.

Objective refraction techniques

Peripheral refraction has long been performed using methods that do not rely on
answers from the subject. The �rst time was in 1931 by Ferree et al. [97]. Later, in
the early seventies, Hoogerheide, Rempt and Hoogenboom published several studies
[22, 98]. Back then, retinoscopy was used, which, albeit not requiring answers by
the subject, relies on the subjective judgment of a skilled optometrist.

Nowadays, a number of fully objective methods exist. As was discussed in Chapter
4, using the Hartmann-Shack wavefront sensor is the preferred method for periph-
eral refraction [48]. Converting the wavefront measurement to a value for astig-
matism is relatively simple to do using the second order Zernike coe�cients [99].
A more di�cult problem is how to choose the value of the spherical correction.
A simple solution, and the one most commonly applied today (e.g. in paper 5),
is to select the spherical correction that minimizes the RMS error. However, this
Zernike refraction is known not to be optimal [55]. While the metrics have not been
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speci�cally investigated for the periphery, the inadequacy of the RMS metric can
be expected to be exacerbated because the aberrations are larger. For instance, in
the data presented in paper 8 there is a mean absolute di�erence of 0.71 D between
the through-focus optimal defocus and the Zernike defocus. This is not a resolved
question, and there remains research to be done. One possible approach could be to
use object-based metrics, as was brie�y discussed in Chapter 4. Nevertheless, the
use of a wavefront sensor to determine the refractive errors through the RMS metric
can still provide a clear and immediate improvement in both high- and low-contrast
acuity compared to habitual correction, as we showed in paper 5; the correction
found with the RMS refraction was used to order new spectacles, which the person
with CFL started using and preferred over her old pair. A wavefront refraction is
comparatively quick and could be used as a valuable part of the procedure at a low
vision clinic.

6.3 Discussion on further improvements

There are three sets of results from the work in this thesis on areas related to central
visual �eld loss that merit further discussion: subjective refraction, dynamic stimuli
and aberration correction.

Better subjective refraction

As the standard way of performing subjective refraction on persons with CFL is
lacking, various ways have been suggested to modify it. Wang et al. have suggested
using detection tasks to perform subjective refraction [100]. Detection tests have
the advantage of being very sensitive to defocus (see e.g. paper 1 of this thesis).
However, this has two disadvantages:

� Detection is a more di�cult psychophysical procedure to explain and to im-
plement in a clinical setting than the familiar resolution tests.

� As described in Chapter 3 and paper 1, detection acuity plateaus and there
is a large refractive range where defocus does not a�ect detection acuity.

Another recent suggestion by Shah et al. is the use of vanishing optotypes (black
and white optotypes on gray background that does not change the total luminance
of the screen), which they argue are more sensitive to peripheral defocus [101].
However, the sensitivity they found was weak, and their investigation was limited
to adding positive defocus. We have also found that high-contrast grating resolu-
tion in the periphery had a weak sensitivity to positive defocus (0.05 logMAR/D),
which is similar to their recorded impact. On the other hand, they did not investi-
gate negative defocus. We found no impact at all of negative defocus. As such, the
impact of both positive and negative defocus must be considered before a proposal
for change in peripheral refraction methodology can be considered.
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In my opinion, the best option to perform subjective refraction for peripheral vision
is to use low-contrast objects. Peripheral low-contrast resolution is a familiar task
that is a�ected by both positive and negative defocus for healthy subjects, as shown
in papers 1 and 8. Furthermore, we have conducted a preliminary study [102] in
collaboration with a low vision clinic on patients with CFL wherein the result of
subjective refraction with optotypes of high and low (25 %) contrast was compared
on �ve subjects. Using the low-contrast optotypes, our partner was able to obtain
refractive correction values that resulted in better low-contrast acuities. The only
modi�cation of the standard procedure needed was the change of target contrast,
which would make implementing the change straightforward and a�ordable.

Dynamic stimuli

There were two reasons for us to investigate the vision of dynamic, or moving,
stimuli in the periphery. First, the fact that the MoviText method [96] of text
presentations for persons with CFL worked so well indicated that there could be
further bene�ts of moving text beyond that of �xation aid. Second, the common
notion that peripheral vision is speci�cally adapted to dynamic stimuli, which can
be con�rmed by the everyday experience that moving stimuli in the periphery are
readily noticed, while stationary are not. The question to consider is what makes
moving stimuli easier to see. Three possible reasons are:

� Movement will introduce changes in luminance that could be easier to detect
than the actual patterns.

� Moving objects will stimulate a larger part of the retina, which could allow
summation of what is perceived.

� There could be higher functions in the brain, specialized in detecting move-
ment in the periphery, in e�ect allocating more neural resources when the
stimulus is moving.

Our initial avenue of investigation centered on the third possibility, which is essen-
tially a catch-all explanation if the �rst two are not true. In papers 1 and 3 we used
drifting Gabor gratings, o�ering constant average luminance and area, excluding
the �rst two explanations. Under those circumstances, dynamic visual acuity was
identical to or worse than static visual acuity. In my opinion, this makes the third
option unlikely, meaning that further investigations should concentrate on the �rst
two possibilities.

Di�erences in the peripheral retina

The results of paper 5 indicate that there could be di�erences between the sup-
posedly healthy parts of the peripheral retina used by persons with CFL and cor-
responding areas of healthy subjects. In particular, correction of refractive errors
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as well as higher order aberrations improved acuity in both high and low contrast.
For healthy subjects, correction of higher order aberrations does not improve high-
contrast acuity [66]. This enhanced bene�t of correction for persons with CFL is
not due to some kind of adaptation to the periphery which heightens their sensi-
tivity. Rather, the vision of our subject with CFL was worse than that of healthy
subjects at the same eccentricity. We do not know why this turned out to be the
case. It could be speculated that this part of the retina that we thought to be
healthy nevertheless is a�ected, and that a higher contrast in the image is needed.
As such, both her high- and low-contrast acuity were worse than that of healthy
subjects at the same eccentricity to start with, but could be improved to the level
of healthy subjects with optimal correction. It should be noted that this result
was only for a single subject, and further studies should include more subjects with
CFL. However, these results agree with previous results from our group which found
improvements in peripheral high and low-contrast acuity with eccentric refractive
correction for seven persons with CFL [99]. This means that customized aberration
correction for persons with CFL and a stable PRL could give visual bene�ts. The
exact type of correction needed would vary between individuals, but generally coma
is the predominant higher order aberration.



Chapter Seven

Myopia development

Myopia is the condition in which the eye is too long in proportion to its focal power.
As a consequence, the image of distant objects will be in front of the retina. During
the last 100 years the prevalence of myopia has increased rapidly, particularly in
Asia [103]. There is unquestionably a strong genetic component, but the rapid
increase over just one generation means environmental factors are important too.
Furthermore, the environmental conditions can be changed, potentially preventing
myopia. Section 7.1 will summarize the hypothesis that the periphery can play a
role in myopia development. In Section 7.2, I will describe current ideas on optical
prevention of myopia development and how they pertain to the periphery. Finally,
in the most controversial part of this thesis, Section 7.3 will present and argue for a
model on how the periphery can in�uence eye growth, both for those who become
myopic and those who do not.

7.1 Peripheral in�uence on eye growth

Nearly all young children are hyperopes [104], with eyes too short compared to its
focal power. During childhood and adolescence, the eye will grow axially and elon-
gate [16]. Ideally, the growth of the eye will stop when the eye is of ideal length,
with the retina at the focal point, a process which is called emmetropization. How-
ever, for some children the growth continues and stops only later, making them
myopic.

The interest for optical conditions in the periphery in relation to myopia develop-
ment can be traced back to a study from 1971 by Hoogerheide et al. [22]. They
found a strong association between myopia and relative peripheral hyperopia (as
de�ned in Section 2.3). This association is expected if the excessive eye growth
is primarily axial elongation, as has been shown more recently [14�17]. However,
while Hoogerheide et al. only measured their subjects after myopia did or did not
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occur, they ended their paper by speculating that �It may be presumed and certain
indications do exist that the general appearance of the skiagram [relative periph-
eral refraction] is inborn and does not change very much during lifetime, especially
with regards to its type.� Therefore, they argued that relative peripheral hyperopia
could constitute a risk factor for developing myopia. This was also how the study
came to be interpreted. It has since publication frequently been cited as a proof
that relative peripheral hyperopia precede myopia development. It should be noted
that while the study was groundbreaking and well before its time, it is very di�cult
to read and interpret, and it lacks many methodological details. It was only re-
cently, in paper 6 of this thesis, that we were able to clarify that it would have been
impossible for the authors to conduct the study prospectively, before myopia did or
did not occur. Furthermore, in a more recent study, relative peripheral hyperopia
arose only after the axial elongation, which di�erentiates myopes from emmetropes,
had started [16].

While current evidence of relative peripheral hyperopia causing myopia develop-
ment in humans is lacking, there is still a substantial body of evidence that the
periphery plays a role, primarily from animal studies (extensive lists of references
are available in two papers by Smith [105, 106]). While few animals are natural my-
opes, certain modi�cations of environmental conditions will increase the prevalence.
The modi�cations of visual environment can either a�ect the whole visual �eld or
only parts of it. If the refractive power of the whole eye is modi�ed, e.g. by placing
lenses in front of it, the growth will be a�ected so that the combined lens-eye sys-
tem has its focal point at the retina. This shows the adaptability and �exibility of
the emmetropization process. Some studies have left foveal vision unaltered while
imposing refractive errors on the periphery. In these studies, the emmetropization
process has been directed towards the refractive errors imposed in the periphery
rather than those of the fovea. These results support an attractive model of the
process of emmetropization being guided towards zero absolute refractive error in
the periphery. Thus, making the periphery more myopic would be a way to prevent
further growth and myopization of the fovea.

7.2 Optical prevention of myopia progression

This section will describe three ideas that have been proposed to stop myopia de-
velopment: undercorrection, orthokeratology and multifocal contact lenses. There
are two reasons to suspect that undercorrecting myopia (e.g. prescribing only −3 D
when optimal vision would be with −4 D) would be a good idea. First, there is
a possibility that the eye would habituate itself to a refractive correction. In that
scenario, correcting myopia with negative lenses would trigger further growth ne-
cessitating yet stronger lenses. Second, animal models have found that imposing a
large amount of myopia renders the eye of growing animals hyperopic. Undercor-
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recting myopia would provide the same optical conditions. However, the opposite
is true; undercorrection worsens myopia progression [107, 108].

The two other main ideas of optical treatment that protect against myopization,
orthokeratology and multifocal contact lenses, can both be understood through
their peripheral e�ect. Orthokeratology is the use of corneal reshaping lenses worn
during night. These lenses correct the refractive errors for the central ±10-20°,
but induce relative peripheral myopia further out (i.e. leave peripheral myopia un-
corrected). Furthermore, they have a profound e�ect on higher order aberrations,
both centrally and in the periphery: spherical aberration is increased and coma,
which is the dominant higher order aberration in the periphery, has its sign reversed
[109]. Orthokeratology has been shown to arrest, but not completely stop, myopia
development [110].

The main disadvantage of orthokeratology is that the wearer has to have developed
myopia already for it to be used. Ideally, myopia treatment should rather be pre-
ventive in nature. The second option of interest, multifocal contact lenses, achieves
that and can be used by emmetropic persons. The multifocal design that has been
found to have a preventive e�ect is the center-distance design, with a central zone
of the person's normal refraction (0 D for emmetropes) and an outer zone with
more positive power (see e.g. Anstice and Phillips [111], additional references are
available in paper 7 of this thesis). This design should give a myopic shift in the
periphery with only minor e�ects on foveal power. However, a substantial periph-
eral myopic shift (1 D or more) has only been found with large add powers of 3 or
4 D (see Lopes-Ferreira et al. [112] or the graphs in paper 7), which is undesirable
due to their relatively large degradation of foveal vision.

Furthermore, the preventive e�ect on myopia progression has been found with mul-
tifocal lenses of lower add power. This presents a conundrum for the hypothesis of
myopia development being driven by relative peripheral hyperopia: the calculated
e�ect size of relative peripheral hyperopia on myopia progression is only 0.024 D
per year per dioptre of relative peripheral hyperopia [113]. Thus, the protection
rendered by the multifocal contact lenses cannot be due to the induced periph-
eral myopia. With this in mind, we performed the study of paper 7 to investigate
whether the multifocal lenses would also induce other peripheral optical e�ects that
could a�ect myopia progression. We found a minor myopic shift in the periphery,
about 0.5 D, which is too low to have any e�ect on myopia progression. More
interestingly, we found an altered pattern of higher order aberrations that gave
substantially reduced image quality at the best focus and increased depth of focus.
This will be further discussed in the next section.
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7.3 Our model

It is evident from animal studies that the peripheral retina and peripheral optics
plays a major role in the emmetropization process. However, I would argue that
there are compelling reasons to believe that it is not a question of relative peripheral
hyperopia causing the myopization, but rather a more complex connection. There
are two primary reasons to believe this:

� Relative peripheral hyperopia occurs after and not before myopia is devel-
oped [16, 113, 114]. Earlier opinions pointed to divergent results, but the
main support for the causative e�ect of relative peripheral hyperopia was the
erroneous later interpretation of the study by Hoogerheide et al.

� The normal emmetropization process of children must be taken into account.
Young children are foveally hyperopic [104]. When children are foveally hy-
peropic, they have relative peripheral myopia [115]. In a simpli�ed picture,
their eyes can be drawn like the left part of Fig. 7.1 with an oblate shape
(axial length being shorter than vertical and horizontal length). Under these
circumstances, the eye grows until it reaches the state shown in the middle of
Fig. 7.1. There, it has become foveally emmetropic and the relative peripheral
refraction is also close to emmetropic. For some persons, the growth stops,
while for others it continues until it reaches the stage shown in the right part
of Fig. 7.1, which has foveal myopia and relative peripheral hyperopia (prolate
shape, i.e. longer axial than horizontal or vertical length).

The central question to ask is what causes the growth to stop, and why does the
point of growth cessation di�er between di�erent individuals? If relative peripheral
hyperopia would be the driving force for growth, the progression in Fig. 7.1 would
simply not occur. No eye in the leftmost stage would grow, but on the other hand
growth would accelerate and not stop for eyes that did reach the stage to the right.
We can also see that ideally, growth should cease when the relative peripheral re-
fraction approaches emmetropia as in the middle stage.

Figure 7.1: An exaggerated and simpli�ed schematic picture of eye axial elongation.
Hyperopic children (left) in general have relative peripheral myopia; emmetropes (middle)
have relative peripheral emmetropia and myopes (right) have relative peripheral hyperopia.
This is an expected consequence of myopia development and not a cause for it.

We therefore suggest a model to explain how the peripheral visual environment can
provide a stop signal to growth. It seeks to explain the seemingly contradictory
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results of myopization studies on humans and animals and provide alternative ex-
planation for the actual bene�ts found with orthokeratology and multifocal contact
lenses. To present this model, we need to consider the actual image quality on the
peripheral retina. We assume that under all circumstances, the foveal image is kept
in focus, either through spectacle correction or accommodation. Even a person
with relative peripheral emmetropia will have a severely degraded peripheral image
quality. This is due to the peripheral astigmatism. As a consequence, there is not
a single focal point at the retina, but rather two line foci, one in front of and one
behind the retina, both of which can be out of focus. Consider the signal arising
from these two line foci, one radial and one tangential. When the blur of these two
line foci are equivalent, the eye would be close to relative peripheral emmetropia.
Therefore, the stop signal could be the di�erence between the blur of the radial
and tangential line foci: when the di�erence in blur is large, the eye will grow, and
when the di�erence in blur is small, the growth will stop. This was suggested by
Howland at a conference [116], and further elaborated on in a review by Charman
[117].

We have found support for this hypothesis when we investigated peripheral depth
of focus for myopes and emmetropes in paper 8. Both myopes and emmetropes had
similar depth of focus when positive (myopic) defocus was induced. On the other
hand, myopes had a larger depth of focus for negative (hyperopic) defocus than em-
metropes. This means that a myope who is exposed to similar amounts of positive
and negative defocus in the periphery would experience the positive defocus to be
larger. As such, if the person had relative peripheral emmetropia, the image qual-
ity would still be interpreted as relative peripheral myopia. In essence, the middle
stage of Fig. 7.1 would be interpreted as the left stage, thus signaling the need for
further growth. This would continue until the extra relative peripheral hyperopia
that arises due to the foveal myopization compensates the increased depth of �eld
for hyperopic defocus.

Why would such a di�erence in peripheral depth of focus exist? The reason is
higher order aberrations. In the study of paper 8, we measured the aberrations of
most of our subjects and calculated objective depth of focus. We found a very clear
correlation between objective and subjective di�erence in depth of focus between
positive and negative defocus. Additionally, correcting the peripheral aberrations
with adaptive optics removed the asymmetry for the one subject where this was
tested (unpublished data). The higher order aberration mainly responsible for this
di�erence was not spherical aberration, as one would �rst assume. Rather, it was
the interaction between coma and the other aberrations. It is true that coma by
itself introduces no asymmetry in depth of focus, but it does when coupled with
other aberrations. This shows the importance of considering the full image quality
when analyzing the results of peripheral wavefront measurements and that statis-
tical treatment cannot be con�ned to solely the individual aberration coe�cients.
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This model is also in agreement with the studies described in Section 7.2 concer-
ing undercorrection, orthokeratology and multifocal contact lenses. Consider the
fact that undercorrection does not protect against myopia development. When the
correction against myopia is less than needed, the whole visual �eld will be more
myopic and the axial growth will have to continue longer to introduce the extra
relative peripheral hyperopia needed to compensate for the undercorrection. Addi-
tionally, the positive results from orthokeratology and multifocal contact lenses can
be explained. In both cases, the coma, which was the aberration mainly responsible
for the asymmetry, is hugely a�ected.

The model does not contradict the animal studies which found that inducing very
large amounts of peripheral hyperopia cause myopic growth. Under those circum-
stances, the eye would still show large peripheral astigmatism. Both line foci would
be blurred by hyperopic defocus, but with di�ering amounts. As the eye of the
animal would grow, foveal as well as peripheral vision would start to su�er from
myopic defocus, but no correction for this would be received. Therefore, the pe-
riphery would eventually reach the state of being close to peripheral emmetropia,
halting growth at the corresponding refractive error.

Obviously, this is not the �nal word on the subject. To settle the matter, more re-
search is needed, not only on persons who already are myopic, but also continuous
measurements on children that eventually become myopic. Otherwise, we risk mak-
ing the same mistake as Hoogerheide et al. did, interpreting a correlative variable
as causative. While there are no reasons to suspect that higher order aberrations
(which arise from the shape of the cornea and the lens) would change with eye
growth and axial elongation, such a cannot be ruled out.
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Conclusions & outlook

As part of this thesis, a technical infrastructure consisting of an adaptive optics
system and a set of psychophysical routines has been constructed. It has been used
to explore several aspects of optics and vision in the periphery. The most important
result of this thesis is the insight that peripheral optical errors a�ect low-contrast
resolution. This has implications on myopia research, and we suggest a model
where the blur of the line foci is the dominant factor. The model is supported by
�ndings on how asymmetries in objectively determined depth of focus, calculated
from peripheral wavefront data and taking all aberrations into account, correlate
with a substantial di�erence in subjectively measured peripheral depth of focus.

Furthermore, the results presented here enhance our understanding of the need to
provide customized correction for people with central visual �eld loss. We have
shown that clear improvements can be gained, both from correcting refractive er-
rors and, on top of that, higher order aberrations. We suggest that peripheral
refraction of persons with CFL is done either by using a Hartmann-Shack wave-
front sensor or through the use of subjective refraction with low contrast optotypes.

There are several interesting questions remaining to investigate. The work of this
thesis could be extended to further describe the interaction between optics and var-
ious peripheral visual functions. Currently, I am evaluating a quick way to estimate
the peripheral contrast sensitivity function. The method uses Bayesian methodol-
ogy based on parametrization in order to reduce the time needed to measure the
contrast sensitivity function from 90 to 5 minutes.

Another path is to dig deeper into the question of moving stimuli in the periphery:
why do we still perceive moving objects as �easier� to see in the periphery, despite
the lack of improvements when using drifting gratings? In my opinion, the next
step should be to fully investigate the ability to perceive changes of luminance in
the periphery. It is possible that movement plays a larger role there. A natural
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extension of the current work would also be to investigate the interaction between
luminance detection and optical errors. This has not been investigated in this the-
sis; the detection results presented have only been of luminance neutral patterns.

Additionally, all work in this thesis has been performed with polychromatic targets,
while simulations have assumed monochromatic objects, thus ignoring both longi-
tudinal and transverse chromatic aberrations. Chromatic aberrations are a large
and complex �eld, and both correction and inducement of chromatic aberrations
are needed to fully understand their e�ect in the periphery.

Finally, every study in this thesis has been performed at photopic luminances, in-
vestigating the visual function of the cones. It is not known how well the peripheral
scotopic vision performs, and how it is a�ected by optical errors. To perform such
experiments we would need modi�cations of existing experimental setup, to prevent
saturation of the rods.



Bibliography

[1] L. Lundström, A. Mira-Agudelo, and P. Artal. Peripheral optical errors and
their change with accommodation di�er between emmetropic and myopic
eyes. J. Vision, 9(6), 2009.

[2] J. Gustafsson, E. Terenius, J. Buchheister, and P. Unsbo. Peripheral astig-
matism in emmetropic eyes. Ophthal. Physl. Opt., 21(5):393�400, 2001.

[3] L. Lundström, J. Gustafsson, and P. Unsbo. Population distribution of
wavefront aberrations in the peripheral human eye. J. Opt. Soc. Am. A.,
26(10):2192�2198, 2009.

[4] L.N. Thibos, M. Ye, X. Zhang, and A. Bradley. The chromatic eye: a new
reduced-eye model of ocular chromatic aberration in humans. Appl. Optics,
31(19):3594�3600, 1992.

[5] T.O. Salmon, R.W. West, W. Gasser, and T. Kenmore. Measurement of
refractive errors in young myopes using the COAS Shack-Hartmann aber-
rometer. Optom. Vis. Sci., 80(1):6�14, 2003.

[6] Y.U. Ogboso and H.E. Bedell. Magnitude of lateral chromatic aberration
across the retina of the human eye. J. Opt. Soc. Am. A., 4(8):1666�1672,
1987.

[7] C.A. Curcio and K.A. Allen. Topography of ganglion cells in human retina.
J. Comp. Neurol., 300(1):5�25, 1990.

[8] T.T. Norton, D.A. Corliss, and J.E. Bailey. The Psychophysical Measurement
of Visual Function. Butterworth-Heinemann, 2002.

[9] A. Bennett and R. Rabbetts. Clinical Visual Optics. Butterworth-Heinemann,
third edition, 1998.

[10] M. Millodot. Dictionary of Optometry and Visual Science. Butterworth
Heinemann, Oxford, 4th edition, 1997.

59



60 BIBLIOGRAPHY

[11] T. Ferrer-Blasco, R. Montés-Micó, S.C. Peixoto-de-Matos, J.M. González-
Méijome, and A. Cerviño. Prevalence of corneal astigmatism before cataract
surgery. J. Cataract. Refr. Surg., 35(1):70�75, 2009.

[12] P. Artal, E. Berrio, A. Guirao, and P. Piers. Contribution of the cornea and
internal surfaces to the change of ocular aberrations with age. J. Opt. Soc.
Am. A., 19(1):137�143, 2002.

[13] K.B. Kansupada and J.W. Sassani. Sushruta: The father of Indian surgery
and ophthalmology. Doc. Ophthalmol., 93(1):159�167, 1997.

[14] P.J. Foster, D.C. Broadway, S. Hayat, R. Luben, N. Dalzell, S. Bingham,
N.J. Wareham, and K.T. Khaw. Refractive error, axial length and anterior
chamber depth of the eye in British adults: the EPIC-Norfolk eye study. Brit.
J. Ophthalmol., 94(7):827�830, 2010.

[15] L. Llorente, S. Barbero, D. Cano, C. Dorronsoro, and S. Marcos. Myopic
versus hyperopic eyes: axial length, corneal shape and optical aberrations. J.
Vision, 4(4), 2004.

[16] D.O. Mutti, J.R. Hayes, G.L. Mitchell, L.A. Jones, M.L. Moeschberger, S.A.
Cotter, R.N. Kleinstein, R.E. Manny, J.D. Twelker, and K. Zadnik. Refractive
error, axial length, and relative peripheral refractive error before and after
the onset of myopia. Invest. Ophthalmol. Vis. Sci., 48(6):2510�2519, 2007.

[17] D.A. Atchison, C.E. Jones, K.L. Schmid, N. Pritchard, J.M. Pope, W.E.
Strugnell, and R.A. Riley. Eye shape in emmetropia and myopia. Invest.
Ophthalmol. Vis. Sci., 45(10):3380�3386, 2004.

[18] C.A. Curcio, K.R. Sloan, R.E. Kalina, and A.E. Hendrickson. Human pho-
toreceptor topography. J. Comp. Neurol., 292(4):497�523, 2004.

[19] L.N. Thibos, F.E. Cheney, and D.J. Walsh. Retinal limits to the detection
and resolution of gratings. J. Opt. Soc. Am. A, 4(8):1524�1529, 1987.

[20] W. Geisler and M. Banks. Visual Performance, book chapter 25. McGraw-
Hill, 2 edition, 1995.

[21] R. Kingslake. Who? Discovered Coddington's equations? Optics and Pho-
tonics News, 5(8):20�23, 1994.

[22] J. Hoogerheide, F. Rempt, and W.P.H. Hoogenboom. Acquired myopia in
young pilots. Ophthalmologica, 163(4):209�215, 1971.

[23] A. Seidemann, F. Schae�el, A. Guirao, N. Lopez-Gil, and P. Artal. Peripheral
refractive errors in myopic, emmetropic, and hyperopic young subjects. J.
Opt. Soc. Am. A, 19(12):2363�2373, 2002.



61

[24] D.A. Atchison and D.H. Scott. Monochromatic aberrations of human eyes in
the horizontal visual �eld. J. Opt. Soc. Am. A, 19(11):2180�2184, 2002.

[25] J. Porter, A. Guirao, I.G. Cox, and D.R. Williams. Monochromatic aberra-
tions of the human eye in a large population. J. Opt. Soc. Am. A., 18(8):1793�
1803, 2001.

[26] B. Jaeken, L. Lundström, and P. Artal. Peripheral aberrations in the human
eye for di�erent wavelengths: o�-axis chromatic aberration. J. Opt. Soc. Am.
A., 28(9):1871�1879, 2011.

[27] G.T. Fechner. Elemente der Psychophysik. (engl.: Elements of Psy-
chophysics) Breitkopf und Härtel. Leipzig, 1860.

[28] W.H. Ehrenstein and A. Ehrenstein. Psychophysical methods. Modern tech-
niques in neuroscience research, pages 1211�1241, 1999.

[29] A.B. Watson and D.G. Pelli. QUEST: A Bayesian adaptive psychometric
method. Atten. Percept. Psycho., 33(2):113�120, 1983.

[30] M.I. Posner. Orienting of attention. Q. J. Exp. Psychol., 32(1):3�25, 1980.

[31] N. Lavie. Distracted and confused?: Selective attention under load. Trends.
Cogn. Sci., 9(2):75�82, 2005.

[32] P. Prado, J. Arines, S. Bará, S. Manzanera, A. Mira-Agudelo, and P. Artal.
Changes of ocular aberrations with gaze. Ophthal. Physl. Opt., 29(3):264�271,
2009.

[33] A. Mathur, D.A. Atchison, S. Kasthurirangan, N.A. Dietz, S. Luong, S.P.
Chin, W.L. Lin, and S.W. Hoo. The in�uence of oblique viewing on axial
and peripheral refraction for emmetropes and myopes. Ophthal. Physl. Opt.,
29(2):155�161, 2009.

[34] H. Radhakrishnan and W.N. Charman. Peripheral refraction measurement:
does it matter if one turns the eye or the head? Ophthal. Physl. Opt.,
28(1):73�82, 2007.

[35] M.J. Sullivan and A.E. Kertesz. Binocular coordination of torsional eye move-
ments in cyclofusional response. Vision Res., 18(8):943�949, 1978.

[36] G. Westheimer. The distribution of preferred orientations in the peripheral
visual �eld. Vision Res., 43(1):53�57, 2003.

[37] R.S. Anderson, D.W. Evans, and L.N. Thibos. E�ect of window size on
detection acuity and resolution acuity for sinusoidal gratings in central and
peripheral vision. J. Opt. Soc. Am. A, 13:697�76, 1996.



62 BIBLIOGRAPHY

[38] R.E. Fredericksen, P.J. Bex, and F.A.J. Verstraten. How big is a Gabor patch,
and why should we care? J. Opt. Soc. Am. A., 14(1):1�12, 1997.

[39] D.H. Brainard. The psychophysics toolbox. Spatial Vision, 10(4):433�436,
1997.

[40] D.G. Pelli. The videotoolbox software for visual psychophysics: Transforming
numbers into movies. Spatial Vision, 10(4):437�442, 1997.

[41] L.L. Kontsevich and C.W. Tyler. Bayesian adaptive estimation of psychome-
tric slope and threshold. Vision Res., 39(16):2729�2737, 1999.

[42] R.S. Anderson. The selective e�ect of optical defocus on detection and reso-
lution acuity in peripheral vision. Curr. Eye. Res., 15:351�353, 1996.

[43] Y.Z. Wang, L.N. Thibos, and A. Bradley. E�ects of refractive error on de-
tection acuity and resolution acuity in peripheral vision. Invest. Ophthalmol.
Vis. Sci., 38(10):2134�2143, 1997.

[44] Y.Z. Wang, A. Bradley, and L.N. Thibos. Interaction between sub- and supra-
Nyquist spatial frequencies in peripheral vision. Vision Res., 37(18):2545�
2552, 1997.

[45] M.E. McClure, P.M. Hart, A.J. Jackson, M.R. Stevenson, and
U. Chakravarthy. Macular degeneration: do conventional measurements of
impaired visual function equate with visual disability? Brit. J. Ophthalmol.,
84(3):244�250, 2000.

[46] L.N. Thibos, D.L. Still, and A. Bradley. Characterization of spatial aliasing
and contrast sensitivity in peripheral vision. Vision Res., 36(2):249�258, 1996.

[47] J. Liang, B. Grimm, S. Goelz, and J.F. Bille. Objective measurement of wave
aberrations of the human eye with the use of a Hartmann-Shack wave-front
sensor. J. Opt. Soc. Am. A, 11(7):1949�1957, 1994.

[48] L. Lundström, J. Gustafsson, I. Svensson, and P. Unsbo. Assessment of
objective and subjective eccentric refraction. Optom. Vis. Sci., 82(4):298�
306, 2005.

[49] C. Fedtke, K. Ehrmann, and B.A. Holden. A review of peripheral refraction
techniques. Optom. Vis. Sci., 86(5):429�446, 2009.

[50] D.A. Atchison. Comparison of peripheral refractions determined by di�erent
instruments. Optom. Vis. Sci., 80(9):655�660, 2003.

[51] M. Choi, S. Weiss, F. Schae�el, A. Seidemann, H.C. Howland, B. Wilhelm,
and H. Wilhelm. Laboratory, clinical, and kindergarten test of a new eccentric
infrared photorefractor (PowerRefractor). Optom. Vis. Sci., 77(10):537�548,
2000.



63

[52] D.A. Atchison. Recent advances in representation of monochromatic aberra-
tions of human eyes. Clin. Exp. Optom., 87(3):138�148, 2004.

[53] L. Lundström and P. Unsbo. Transformation of Zernike coe�cients: scaled,
translated, and rotated wavefronts with circular and elliptical pupils. J. Opt.
Soc. Am. A., 24(3):569�577, 2007.

[54] L. Franzén. Measurement of peripheral wavefront aberrations in the human
eye with a Hartmann-Shack sensor. MSc Thesis, Royal Institute of Technol-
ogy, 2002.

[55] J.D. Marsack, L.N. Thibos, and R.A. Applegate. Metrics of optical quality
derived from wave aberrations predict visual performance. J. Vision, 4(4),
2004.

[56] J.W. Goodman. Introduction to Fourier Optics. McGraw-Hill, 2 edition,
1996.

[57] D.A. Atchison and G. Smith. Optics of the Human Eye. Butterworth-
Heinemann Oxford, UK, 2000.

[58] J. Beutel, H.L. Kundel, and R.L. Van Metter. Handbook of Medical Imaging:
Physics and Psychophysics. SPIE Press, 2000.

[59] C. Agerbjer Litens. Refraktion för Perifer syn från Vågfronter med hjälp av
Textigenkänning. BSc Thesis, Karolinska Institutet, 2012.

[60] T. Young. The Bakerian lecture: On the mechanism of the eye. Philoso. T.
R. Soc. (Biol), 91:23�88, 1801.

[61] G.B. Airy. On a peculiar defect in the eye, and a mode of correcting it.
William Blackwood, 1827.

[62] M.S. Smirnov. Measurement of the wave aberration of the human eye.
Bio�zika, 6:687, 1961.

[63] J. Liang, D.R. Williams, and D.T. Miller. Supernormal vision and high-
resolution retinal imaging through adaptive optics. J. Opt. Soc. Am. A,
14(11):2884�2892, 1997.

[64] J. Porter, H. Queener, J. Lin, K. Thorn, and A. Awwal. Adaptive Optics for
Vision Science. Wiley Online Library, 2006.

[65] W. Zou and S.A. Burns. High-accuracy wavefront control for retinal imaging
with adaptive-in�uence-matrix adaptive optics. Opt. Express, 17(22):20167�
20177, 2009.



64 BIBLIOGRAPHY

[66] L. Lundström, S. Manzanera, P.M. Prieto, D.B. Ayala, N. Gorceix, J. Gustafs-
son, P. Unsbo, and P. Artal. E�ect of optical correction and remaining
aberrations on peripheral resolution acuity in the human eye. Opt. Express,
15(20):12654�12661, 2007.

[67] A. Roorda. Adaptive optics for studying visual function: A comprehensive
review. J. Vision, 11(5), 2011.

[68] K.M. Rocha, L. Vabre, F. Harms, N. Chateau, and R.R. Krueger. E�ects of
Zernike wavefront aberrations on visual acuity measured using electromag-
netic adaptive optics technology. J. Refract. Surg., 23(9):953, 2007.

[69] S. Marcos, L. Sawides, E. Gambra, and C. Dorronsoro. In�uence of adaptive-
optics ocular aberration correction on visual acuity at di�erent luminances
and contrast polarities. J. Vision, 8(13), 2008.

[70] S. Li, Y. Xiong, J. Li, N. Wang, Y. Dai, L. Xue, H. Zhao, W. Jiang, Y. Zhang,
and J.C. He. E�ects of monochromatic aberration on visual acuity using
adaptive optics. Optom. Vis. Sci., 86(7):868�874, 2009.

[71] D.R. Williams, G.Y. Yoon, J. Porter, A. Guirao, H. Hofer, and I.G. Cox.
Visual bene�t of correcting higher order aberrations of the eye. J. Refract.
Surg., 16(5):554�559, 2000.

[72] G.Y. Yoon and D.R. Williams. Visual performance after correcting the
monochromatic and chromatic aberrations of the eye. J. Opt. Soc. Am. A.,
19(2):266�275, 2002.

[73] E. Dalimier, C. Dainty, and J.L. Barbur. E�ects of higher-order aberrations
on contrast acuity as a function of light level. J. Mod. Opt., 55(4-5):791�803,
2008.

[74] P. de Gracia, S. Marcos, A. Mathur, and D.A. Atchison. Contrast sensitivity
bene�t of adaptive optics correction of ocular aberrations. J. Vision, 11(12),
2011.

[75] L. Sawides, E. Gambra, D. Pascual, C. Dorronsoro, and S. Marcos. Visual
performance with real-life tasks under adaptive-optics ocular aberration cor-
rection. J. Vision, 10(5), 2010.

[76] P.A. Piers, E.J. Fernandez, S. Manzanera, S. Norrby, and P. Artal. Adaptive
optics simulation of intraocular lenses with modi�ed spherical aberration.
Invest. Ophthalmol. Vis. Sci., 45(12):4601�4610, 2004.

[77] R. Sabesan, L. Zheleznyak, and G. Yoon. Binocular visual performance and
summation after correcting higher order aberrations. Biomed. Opt. Express,
3(12):3176, 2012.



65

[78] P. Artal, L. Chen, E.J. Fernández, B. Singer, S. Manzanera, and D.R.
Williams. Neural compensation for the eye's optical aberrations. J. Vision,
4(4), 2004.

[79] E.J. Fernández, S. Manzanera, P. Piers, and P. Artal. Adaptive optics visual
simulator. J. Refract. Surg., 18(5):634�638, 2002.

[80] M. Ankit, D.A. Atchison, and W.N Charman. E�ects of age on peripheral
ocular aberrations. Opt. Express, 18(6):5840�5853, 2010.

[81] K. Baskaran, P. Unsbo, and J. Gustafsson. In�uence of age on peripheral
ocular aberrations. Optom. Vis. Sci., 88(9):1088�1098, 2011.

[82] L.A. Lesmes, Z.L. Lu, J. Baek, and T.D. Albright. Bayesian adaptive estima-
tion of the contrast sensitivity function: The quick CSF method. J. Vision,
10(3), 2010.

[83] L. Lundström, J. Gustafsson, and P. Unsbo. Vision evaluation of eccentric
refractive correction. Optom. Vis. Sci., 84(11):1046�1052, 2007.

[84] L. Lundström and P. Unsbo. O�-axis wave front measurements for optical
correction in eccentric viewing. J. Biomed. Opt., 10(3):034002�034002, 2005.

[85] L. Lundström, P. Unsbo, and J. Gustafsson. Measuring peripheral wave-
front aberrations in subjects with large central visual �eld loss. Ophthalmic
Technologies XIV: Proceedings of SPIE, 5314:209�19, 2004.

[86] J. Gustafsson and P. Unsbo. Eccentric correction for o�-axis vision in central
visual �eld loss. Optom. Vis. Sci., 80(7):535�541, 2003.

[87] A.R. Rudnicka, Z. Jarrar, R. Wormald, D.G. Cook, A. Fletcher, and C.G.
Owen. Age and gender variations in age-related macular degeneration preva-
lence in populations of european ancestry: a meta-analysis. Ophthalmology,
2011.

[88] M.G. Erke, G. Bertelsen, T. Peto, A.K. Sjølie, H. Lindekleiv, and I. Njølstad.
Prevalence of age-related macular degeneration in elderly caucasians: The
Tromsø eye study. Ophthalmology, 2012.

[89] E. Prokofyeva and E. Zrenner. Epidemiology of major eye diseases leading to
blindness in Europe: a literature review. Ophthal. Res., 47(4):171�188, 2012.

[90] C.C.W. Klaver, R.C.W. Wolfs, J.R. Vingerling, A. Hofman, and P.T.V.M.
de Jong. Age-speci�c prevalence and causes of blindness and visual im-
pairment in an older population: the Rotterdam study. Arch. Ophthalmol.,
116(5):653, 1998.



66 BIBLIOGRAPHY

[91] M.D. Crossland, L.E. Culham, S.A. Kabanarou, and G.S. Rubin. Preferred
retinal locus development in patients with macular disease. Ophthalmology,
112(9):1579�1585, 2005.

[92] Ö. Bäckman, K. Inde, and H. Sonesson. Low vision training. Liber-
Läromedel/Hermod, 1979.

[93] U.L. Nilsson, C. Frennesson, and S.E. Nilsson. Location and stability of
a newly established eccentric retinal locus suitable for reading, achieved
through training of patients with a dense central scotoma. Optom. Vis. Sci.,
75(12):873, 1998.

[94] K. Inde. Low vision training in Sweden. J. Visual. Impair. Blin., 72(8):307�
10, 1978.

[95] W. Seiple, J.P. Szlyk, T. McMahon, J. Pulido, and G.A. Fishman. Eye-
movement training for reading in patients with age-related macular degener-
ation. Invest. Ophthalmol. Vis. Sci., 46(8):2886�2896, 2005.

[96] J. Gustafsson and K. Inde. The MoviText method: E�cient pre-optical
reading training in persons with central visual �eld loss. Technol. Disabil.,
16(4):211�221, 2004.

[97] C. E. Ferree, G. Rand, and C. Hardy. Refraction for the peripheral �eld of
vision. Arch. Ophthalmol., 5:717�731, 1931.

[98] F. Rempt, J. Hoogerheide, and W. P. H. Hoogenboom. Peripheral retinoscopy
and the skiagram. Ophthalmologica, 162:1�10, 1971.

[99] L. Lundström. Wavefront aberrations and peripheral vision. PhD thesis, Royal
Institute of Technology, 2007.

[100] Y.Z. Wang, L.N. Thibos, N. Lopez, T. Salmon, and A. Bradley. Subjective
refraction of the peripheral �eld using contrast detection acuity. J. Am.
Optom. Assoc., 67(10):584, 1996.

[101] N. Shah, S.C. Dakin, and R.S. Anderson. E�ect of optical defocus on detec-
tion and recognition of vanishing optotype letters in the fovea and periphery.
Invest. Ophthalmol. Vis. Sci., 2012.

[102] J. Gustafsson, R. Rosen, M. Brodin, L. Lundström, and P. Unsbo. Improved
refraction of patients with central visual �eld loss by the use of low contrast
optotypes. ARVO Meeting Abstracts, 52(6):1899, 2011.

[103] S.M. Saw. A synopsis of the prevalence rates and environmental risk factors
for myopia. Clin. Exp. Optom., 86(5):289�294, 2009.



67

[104] J. Zhao, X. Pan, R. Sui, S.R. Munoz, R.D. Sperduto, and L.B. Ellwein.
Refractive error study in children: results from Shunyi district, China. Am.
J. Ophthalmol., 129(4):427�435, 2000.

[105] E.L. Smith III. Optical treatment strategies to slow myopia progression:
E�ects of the visual extent of the optical treatment zone. Exp. Eye. Res.,
2013.

[106] E.L. Smith III. Prentice award lecture 2010: a case for peripheral optical
treatment strategies for myopia. Optom. Vis. Sci., 88(9):1029�1044, 2011.

[107] K. Chung, N. Mohidin, and D.J. O'Leary. Undercorrection of myopia en-
hances rather than inhibits myopia progression. Vision Res., 42(22):2555�
2559, 2002.

[108] D. Adler and M. Millodot. The possible e�ect of undercorrection on myopic
progression in children. Clin. Exp. Optom., 89(5):315�321, 2006.

[109] A. Mathur and D.A. Atchison. E�ect of orthokeratology on peripheral aber-
rations of the eye. Optom. Vis. Sci., 86(5):E476�E484, 2009.

[110] P. Cho and S.W. Cheung. Retardation of myopia in orthokeratology
(ROMIO) study: a 2-year randomized clinical trial. Invest. Ophthalmol. Vis.
Sci., 2012.

[111] N.S. Anstice and J.R. Phillips. E�ect of dual-focus soft contact lens wear on
axial myopia progression in children. Ophthalmology, 118(6):1152�1161, 2011.

[112] D. Lopes-Ferreira, C. Ribeiro, R. Maia, N. García-Porta, A. Queirós, C. Villa-
Collar, and J.M. González-Méijome. Peripheral myopization using a dominant
design multifocal contact lens. J. Optom., 4(1):14�21, 2011.

[113] D.O. Mutti, L.T. Sinnott, G.L. Mitchell, L.A. Jones-Jordan, M.L.
Moeschberger, S.A. Cotter, R.N. Kleinstein, R.E. Manny, J.D. Twelker, and
K. Zadnik. Relative peripheral refractive error and the risk of onset and pro-
gression of myopia in children. Invest. Ophthalmol. Vis. Sci., 52(1):199�205,
2011.

[114] C.C.A. Sng, X.Y. Lin, G. Gazzard, B. Chang, M. Dirani, L. Lim, P. Selvaraj,
K. Ian, B. Drobe, and T.Y. Wong. Change in peripheral refraction over time
in Singapore Chinese children. Invest. Ophthalmol. Vis. Sci., 52(11):7880�
7887, 2011.

[115] D.O. Mutti, R.I. Sholtz, N.E. Friedman, and K. Zadnik. Peripheral refraction
and ocular shape in children. Invest. Ophthalmol. Vis. Sci., 41(5):1022�1030,
2000.



68 BIBLIOGRAPHY

[116] H.C. Howland. A possible role for peripheral astigmatism in the emmetropiza-
tion of the eye. In 13th International Myopia Conference, Tübingen, Ger-
many, 2010.

[117] W.N. Charman. Keeping the world in focus: how might this be achieved?
Optom. Vis. Sci., 88(3):373, 2011.



Acknowledgements

It's nice to be important, but it's more important to be nice. I have had the for-
tune of a large number of people being nice to me, a few of which I will thank below.

Most importantly, Peter Unsbo, who has been my main supervisor. You provide
candid and serious feedback. When you say something, I can be sure that you have
thought about it deeply and mean it. You have had a clear vision on the natu-
ral progress of a PhD student, consciously guiding me towards independence while
providing a �rm basis to stand upon and being a great friend in the meantime.
Second, Linda Lundström, who has the patience of a saint. Whether in Spain, on
parental leave or when overwhelmed with courses, you have always been available.
I'm happy to continue working with both of you in the future.

Over the years, I have really come to appreciate the leadership by Hans Hertz of
the Biox group. You manage to maintain a respectful, serious, no-nonsense work-
ing environment in an egalitarian and relaxed manner. Of course, all others at
Biox contribute to making this such a great place to work at: Ulf Lundström,
who has provided a barrage of inspired ideas, ranging from improving the psy-
chophysical algorithms to how to retrieve my cat from 6 m up in a tree without
branches; Simon Winter and Abinaya Venkataraman, whose theses in three
years will expand our knowledge of peripheral vision far beyond what is presented
here; Daniel Larsson, who often takes the initative for the fun things we have
done at and after work; Mårten Selin, for bringing us to musical shows and op-
eras; Otto Manneberg, who taught me great tricks in Matlab; my room mates
over the years, Emelie Fogelqvist, Dale Martz, Peter Skoglund and Julia
Reinspach who have been friendly and provided help with all the minor annoy-
ances that arise; and all the others who create such a wonderful work experience and
lunch discussions, Göran Manneberg,Mathias Ohlin, Daniel Nilsson, Jakob
Larsson, Klaus Biedermann, Ann-Katrin Batzer, Ida Iranmanesh, Tunhe
Zhou, Anna Burvall, Johannes Ewald, Jessica Svennebring, Athanasia
Christakou, Fredrik Uhlén, Michael Bertilsson, Olov von Hofsten, Per
Takman, Kjell Carlsson, Thomas Frisk, Anders Holmberg, Anders Lilje-
borg, Martin Wiklund, Ulrich Vogt and Nils Åslund.

69



70 BIBLIOGRAPHY

Since the beginning of my studies, we have collaborated with the people at Lin-
neaus University in Kalmar. Jörgen Gustafsson has provided the clinical ex-
perience which places peripheral vision in a meningful context, Peter Lewis gave
me the reason to learn psychophysics, Karthikeyan Baskaran has been both a
good researcher and provided me the opportunity to attend his wedding in Chen-
nai and a visit from Baskar Theagarayan is always something to look forward to.

We have also worked close together with the optometry section of Karolinska In-
stitutet, both in research and in teaching. In particular, I would like to mention
Rune Brautaset, Anna Lindskoog-Pettersson,Marika Wahlberg-Ramsay,
Maria Nilsson and Ulrika Sverkersten. Anna can manage to �t soft contact
lenses even on the most di�cult subject in the world (i.e. me)!

Pablo Artal and the Laboratorio de Óptica in Murcia were great partners for
paper 7. It was really nice to work in the lab with Bart Jaeken and Christina
Schwarz.

David Atchison at Queensland University of Technology believed in my
opinions expressed in paper 6 and convinced me to publish them. Thanks to our
di�erences in circadian rhythm, it was suprisingly easy to �nd time slots to talk
that �tted both Sweden and Australia.

All my psychophysical routines have been written in Psychophysics Toolbox, some-
thing that would not have been possible if not for the tireless e�ort of Mario
Kleiner in maintaining that package. Much of my last year has been devoted
to working with the quick-CSF algorithm and adapting it to the periphery. Luis
Lesmes was kind enough to provide me his source code, saving me untold hours.

I have had several great diploma students. Some of the projects have already
resulted in publications, other have shown potential and just need some further
experiments. It was a joy to work with you, Ala Abdul Rasool, Nova Ogmaia,
Maria Brodin and Christopher Litens!

Carl Nettelblad has been a fantastic friend over the years. You have o�ered solu-
tions to problems, new points of view, asked important questions, proofread most
of my articles and o�ered an outside perspective. You are an academic role model,
and I still hope that we get around making a patent out of our idea.

Finally, in these last weeks I'm ever so grateful to Peter Unsbo, Linda Lund-
ström, Ulf Lundström, Carl Nettelblad, Kjell Carlsson, Klaus Bieder-
mann, Otto Manneberg, Simon Winter, Anna Pavlova, Julia Uddén,
Daniel Larsson, Peter Lewis and Karthikeyan Baskaran for proofreading
this thesis. Any and all remaining errors are, of course, my sole responsibility.



Summary of the original work

This thesis is based on the following eight papers. Papers 1, 3, 4, 5, and 8 mainly
consist of psychophysical measurements of vision in the periphery under various op-
tical circumstances. Papers 2 and 7 as well as half of paper 8 focus on measurements
and analysis of peripheral aberrations. Paper 6 did not include any measurements,
but is more argumentative and interpretative in nature. The author of this thesis
had the main responsibility for the work presented in papers 1, 4, 5, 6, 7, and 8.
In paper 2, the author took part in the planning of the study and performed half
of the measurements. In paper 3, the author designed and programmed the psy-
chophysical routines used. In paper 5, the author was not involved in the fundus
photography and �xation stability measurements.

Paper 1: In�uence of optical defocus on peripheral vision
This paper investigates the impact of defocus on a variety of peripheral visual func-
tions. It describes the psychophysical method also used in the later papers. The
results show the importance of optical correction for low contrast resolution acuity
as well as the low contrast detection plateau.

Paper 2: Symmetries in peripheral ocular aberrations
This paper describes inter- and intraocular symmetries in patterns of peripheral
aberrations. It concludes that, on a population level, results of measurements from
peripheral aberrations on one eye can be generalized to the fellow eye as well.

Paper 3: Resolution of static and dynamic stimuli in the peripheral
visual �eld

This paper investigates static and dynamic acuity with drifting Gabor gratings over
a range of eccentricities. Contrary to expectations, in the periphery, these acuities
were identical. Foveally, dynamic acuity was worse than static acuity.
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Paper 4: Adaptive optics for peripheral vision
In this paper, an adaptive optics system for peripheral vision is presented. Im-
provements in vision, on top of what is possible with best refractive correction, are
shown for subjects that have normal or large amounts of peripheral higher order
aberrations, provided that the system is run in continuous rather than static closed
loop.

Paper 5: Bene�t of adaptive optics aberration correction at preferred
retinal locus
This case study presents the visual impact of optimizing the refractive correction
as well as correcting the higher order aberrations of a person with central visual
�eld loss. The paper describes the larger gains achieved for this subject compared
to those of healthy subjects, including improvements in high contrast resolution
acuity. The discussion of the paper notes that the acuity in the supposedly healthy
parts of the retina of the subject was worse than that of healthy subjects at com-
parable eccentricities, amplifying the importance of optical correction.

Paper 6: Have we misinterpreted the study of Hoogerheide et al. (1971)?
This paper shows that the frequently cited study by Hoogerheide that provided the
impetuous for much of the research on the in�uence of peripheral refraction on my-
opia the last decade has been misinterpreted. The current paper presents data from
the Dutch military institute showing that the original Hoogerheide study must have
been retrospective rather than prospective. In essence, this means that Hoogerheide
only showed that relative peripheral hyperopia was present after myopia develop-
ment and did not show a causal link.

Paper 7: Evaluating the peripheral optical e�ect of multifocal contact
lenses
This study presents and analyzes data for several types of multifocal contact lens
designs. It shows that the myopic shift produced by the center distance design that
is known to retard myopia development is very small. The study also describes
other optical data that instead may explain the e�ect on myopia development, in-
cluding changes in the depth of �eld.

Paper: 8 Sign-dependent sensitivity to peripheral defocus for myopes
due to aberrations
This study shows systematic di�erences between myopes and emmetropes in the
periphery beyond the previously known di�erence of relative refraction. The paper
describes the peripheral asymmetric depth of �eld for myopes and the aberrations
that cause the asymmetry. The paper discusses a model for how this asymmetry
might in�uence myopia development.


