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Abstract

This research is about evaluating vision in the periphery. Peripheral
vision is of fundamental importance in the performance of our everyday
activities. The aim of this thesis is to develop methods suitable for the
evaluation of peripheral vision and to assess how different visual functions
vary across the visual field. The results have application both within the
field of visual rehabilitation of people with central visual field loss (CFL)
and as well as in myopia research.

All methods for assessing peripheral vision were implemented with
adaptive psychophysical algorithms based on Bayesian statistics. A routine
for time-efficient evaluation of peripheral contrast sensitivity was
implemented and verified for measurements out to 30° in the visual field.
Peripheral vision was evaluated for different properties of the stimuli:
sharpness, motion, orientation, and extent. Optical quality was controlled
using adaptive optics and/or corrective spectacles specially adapted for the
peripheral viewing angle. We found that many peripheral visual functions
improved with optical correction, especially in people with CFL. We also
found improvements in peripheral contrast sensitivity for low spatial
frequencies when stimuli drifted at 5 to 10 Hz; this applies both for people
with normal vision and those with CFL. In the periphery, it is easier to see
lines that are oriented parallel with respect to the visual field meridian. We
have shown that this directional bias is present for both resolution and
detection tasks in the periphery, even when the asymmetric optical errors
are minimized. For accurate evaluation of peripheral vision, we therefore
recommend using gratings that are oriented oblique to the visual field
meridian. The directional bias may have implications in how peripheral
image quality affects myopia progression. Another proof that peripheral
vision can influence central visual function is the fact that, when the
stimulus extent was increased beyond the fovea, the blur in the stimulus was
less noticeable.
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Sammanfattning

Denna forskning handlar om att utvärdera synen i periferin. Vår perifera
syn är ovärderlig i det dagliga livet. Målsättningen med denna avhandling är
dels att utveckla metoder speciellt lämpade för perifer synutvärdering och
dels att mätahur olika synfunktioner varierar över synfältet. Resultaten har
tillämpning både inom synrehabilitering för personer med centralt
synfältsbortfall och inom närsynthetsforskning.

Adaptiv psykofysisk metodologi baserad på Bayesiansk statistik
användes vid all utvärdering av det perifera seendet. Vi implementerade en
rutin för tidseffektiv mätning av perifer kontrastkänslighet och verifierade
den ut till 30° i synfältet. Den perifera synen utvärderades för olika
egenskaper hos objektet: skärpa, rörelse, riktning och utbredning. Skärpan
kontrollerades med hjälp av adaptiv optik och/eller glasögonkorrektion
speciellt anpassad för den perifera synvinkeln. Vi fann att många perifera
synfunktioner förbättras av optisk korrektion, särskilt för personer med
centralt synfältsbortfall. Vi hittade även förbättringar i perifer
kontrastkänslighet för låga ortsfrekvenser när objektet modulerades med
hastigheter mellan 5 och 10 Hz, vilket gäller både normalseende och
personer med centralt synfältsbortfall. I periferin är det lättare att se linjer
som är orienterade parallellt med synfältsmeridianen. Vi har visat att denna
riktningsbias gäller både för upplösning och detektion i periferin, även när
de asymmetriska optiska felen minimeras. För bästa mätnoggrannhet
rekommenderar vi därför att använda randmönster som ligger snett relativt
synfältsmeridianen. Denna riktningsbias skulle även kunna påverka hur den
perifera bildkvalitén inverkar på utvecklingen av närsynthet. Ytterligare ett
bevis för att perifer syn kan påverka den centrala synfunktionen är att, när
objektets utbredning ökades, uppfattade personen det som mindre suddigt.
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Chapter 1

Introduction

Vision research is mainly focused on central vision. This is understandable, given
that our ability to resolve details is best for foveal vision. The visual quality is
reduced in peripheral vision due to optical and neural limitation but our
peripheral vision is important in various daily tasks such as detecting objects,
orientation, and mobility. Our visual system is highly robust, functioning over
vast variations in the visual environment. The characteristics of foveal vision have
been thoroughly investigated for changes in visual stimulus properties such as
luminance, contrast, orientation, movement, blur etc. This thesis is about
evaluating peripheral vision with the aim to expand our understanding of visual
processing in the periphery, beyond the fovea. This aim is attained by evaluating
variations in peripheral vision for different stimulus conditions. Apart from
understanding peripheral visual functions better, the motivation to study
peripheral vision comes also from two major areas of vision research: central
visual field loss (CFL) and myopia development.

In the elderly population, macular degeneration is one of the major causes of
visual impairment [1]. It leads to loss of central vision and the affected persons are
thereby required to use their remaining peripheral vision for all visual activities of
daily living. In the younger population, certain diseases like Stargardt’s disease,
cone dystrophy, and Leber’s hereditary optic neuropathy can also cause loss of
central vision. In the presence of CFL, an area of relatively healthy retina outside
the damaged macula is used for the visual tasks, referred to as Preferred Retinal
Locus (PRL), see Figure 1.1. Both optical and neural sampling limitations affect
the visual quality in the PRL. More than one PRL is often used depending on the
visual task [2,3]. Due to the reduced visual quality, these persons have complications
in many visual tasks, for example, difficulties in face recognition and reading. It
is important to improve the remaining vision in CFL to alleviate some of these
difficulties.

Myopia or near sightedness is a condition in which the image of a distant object
is focused in front of the retina. With its increasing prevalence, understanding
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: A simple schematic representation of an eye with central vision loss showing
the preferred retinal locus (PRL). The fovea, which is the region of best vision is
dysfunctional and hence a PRL in the peripheral retina is used instead.

the development of myopia has become an important issue. Myopia is known
to have both genetic and environmental risk factors [4]. At birth, our eyes are
hyperopic (far sighted), during young age and through adolescence the eye grows
axially [5]. The eye grows until the retina is at the focal plane of the eye and this
process is called emmetropization. In some cases, the eye growth does not stop
at this stage and continues to grow further, resulting in an axially elongated eye
with respect to the focal plane i.e. myopia. The exact mechanisms that guide the
process of emmetropization are still unknown; researchers worldwide are trying to
solve this puzzle. The periphery of myopic eyes is relatively hyperopic compared to
the fovea (see Figure 1.2) and the state of optical focus in the peripheral visual field
is theorized to influence eye growth and thus myopia development and progression
[6–8].

Figure 1.2: An axially elongated schematic eye showing myopic defocus (i.e. the sharp
optical image is located in front of the retina) in the fovea. The periphery is relatively
hyperopic compared to the fovea (though the peripheral image is still infront of the retina
in this eye).

Our visual environment is composed of visual stimuli that vary spatially and
temporally. This thesis presents methods and results on the quantification of
peripheral vision for different stimulus variations. Chapters 2 and 3 give a brief
overview of image formation in the eye, optical errors, visual processing and the
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differences between central and peripheral vision. Chapter 4 explains the
psychophysical methods developed and/or modified for evaluating resolution
acuity, detection acuity, and contrast sensitivity in the periphery and highlights
the factors that should be considered during peripheral vision evaluation. The
methods for measurement and correction of the peripheral optical errors are
discussed in Chapter 5. In addition, the improvements in peripheral vision with
optical correction in CFL subjects are also presented. Chapter 6 focuses on the
variations with stimuli orientation, discusses the mechanisms involved and gives
recommendations for appropriate choice of stimuli for evaluation of vision in the
periphery. The changes in peripheral vision with moving stimuli are presented in
Chapter 7 and measurements on subjects with normal vision and those with CFL
are discussed. Chapter 8 focuses on the involvement of peripheral vision in the
perception of a stimuli and its interaction with central vision. Chapter 9 provides
conclusions from the present work and outlook for future research.





Chapter 2

Image Formation and Visual
Processing

Our visual system is robust and efficient over vast variations in the visual
environment, like changes in luminance, contrast and color. This chapter gives a
brief overview of the optical and the neural aspects of the human visual system.
The first two sections deal with image formation and the optical factors that
affect retinal image quality. The last sections discuss the visual processing in the
retina and visual cortex.

2.1 Image formation in the eye

The process of vision starts with the formation of an image on to the retina. This
section gives a brief overview of the components of the human eye [9]. The average
human eye has an axial length of 24 mm and a refractive power of 60 D. The
components of the eye are shown schematically in Figure 2.1. The anterior section
of the eye contains the cornea and the crystalline lens, which both refract the light
entering the eye. Though the cornea constitutes two-thirds of the eye’s refractive
power, the lens has a major role in forming a clear retinal image through the
process of accommodation, i.e. the ability to change power while looking at objects
at various distances. The cornea has a refractive index of 1.376 and a prolate shape
with an average anterior central radius of curvature of about 7.8 mm and a central
thickness of 0.5 mm. The front surface of the cornea is covered by the tear film,
which is essential for clear vision as it provides a smooth optical surface. The lens
has a gradient refractive index varying from 1.41 in the inner parts to 1.38 in the
outer parts. The capsule of the lens is attached to the ciliary body via the zonular
fibers. The lens is an elastic structure and the contraction and relaxation of the
ciliary muscle alters the shape of the lens and thereby its refractive power. This
process allows the eye to focus objects at different distances. The elasticity of the
lens decreases with age, and the eye eventually loses its ability to accommodate and

5



6 CHAPTER 2. IMAGE FORMATION AND VISUAL PROCESSING

becomes presbyopic. The iris situated in front of the lens forms the aperture stop
and the opening in the iris is called the pupil. The pupil has a variable diameter
and controls the amount of light entering the eye. The space between the cornea
and the lens is filled with a fluid called the aqueous humor, which has a refractive
index of 1.336. Similarly, the space behind the lens and retina is also filled with a
gel called the vitreous humor. The vitreous humor also has a refractive index of
1.336. The posterior section of the eye contains three layers: sclera, choroid and
retina from outer to inner. The sclera is a tough layer that protects the interior
layers and maintains the shape of the eye. The choroid is the vascular layer that
provides blood supply to the outer layers of the retina. The innermost layer, the
retina, contains layers of neurons and is further discussed in section 2.3.

Figure 2.1: Schematic representation of the cross section of the right eye seen from
above and the inlet shows the neuronal and synaptic layers of the retina (Adapted from
Webvision [10]).
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2.2 Optical errors of the eye

When the refractive components and the axial length are congruous (i.e. in the
absence of any refractive errors), a distant object forms a clear image on the
retina. Ideally, in this case the quality of the retinal image will be determined by
diffraction. In reality, this is not the case. Refractive errors are common, and even
when there is no refractive error, higher order aberrations limit the image quality.
In addition, our eyes also suffer from scattering of light within the ocular media
that affects the retinal image quality. The optical errors of the eye are often
defined in terms of wavefront aberrations. A wavefront is an imaginary surface
perpendicular to the light rays, connecting all points that are in phase in the light
wave. Parallel light has a flat wavefront, whereas light converging to a point has a
spherical wavefront. Any deviation from the ideal spherical shape of the wavefront
is defined as an aberration and, in case of the eye, an aberrated wavefront results
in rays not converging to a single point on the retina (Figure 2.2). Aberrations
are broadly divided into monochromatic and chromatic aberrations. Chromatic
aberrations are wavelength dependent optical errors. The different wavelengths
cause differences in the refractive power (longitudinal chromatic aberration) and
angular offset between the chief rays of different wavelength (transverse chromatic
aberration). The monochromatic aberrations are present even when the light is of
a single wavelength and are further divided into lower order and higher order
aberrations.

Figure 2.2: Spherical (A) and aberrated (B) wavefront in an emmetropic eye. The
wavefronts are shown as dotted lines and the rays as solid lines.

Lower order aberrations
When parallel rays of light are focused on the retina at the same time as the eye’s
accommodation is at rest, the eye is said to be emmetropic (Figure 2.2A). The
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lower order aberrations or refractive errors shift the image longitudinally from the
retinal plane. There are two types of lower order aberrations: defocus and
astigmatism. Defocus occur becausewhen the eye’s refractive power is not in
agreement with the axial length and the image is formed in front (myopia) or
behind the retina (hyperopia). Astigmatism occurs when the refractive power is
different in one principal meridian compared to the other, resulting in two image
foci. When the refractive power is greater in the vertical meridian than the
horizontal meridian, the resulting astigmatism is said to be with-the-rule and the
opposite condition is called against-the-rule. The lower order aberrations can be
corrected with appropriate spherical and/or sphero-cylindrical lenses. The
correction for the refractive error is denoted with the spherical power and the
cylindrical power in diopters and the axis direction of the negative cylinder in
degrees. In case of a with-the-rule astigmatism, the negative cylinder will be
placed in the horizontal axis (180°). In the papers presented in this thesis, the
refractive correction is denoted in the form of sphere/cylinder x axis with the
negative cylinder format.

Higher order aberrations

Higher order aberrations are caused by differences in the refractive power over the
area of the pupil and increase with pupil size. Spherical aberration (different focus
for rays passing through the edge of the pupil compared to the center giving rise to
symmetric halos around light sources) is the most common higher order aberration
in the eye followed by coma (comet like image, which occurs due to misalignment of
the optical components of the eye or oblique angle of incidence through the optics).
The other higher order aberrations are more irregular and less common in the eye.
Due to the complexity of the higher order aberrations, they cannot be corrected
with conventional lenses. The methods for measurement and correction of these
errors are discussed in Chapter 5.

Quality of the retinal image

Both refractive errors and higher order aberrations blur the retinal image. The
retinal image quality is often quantified from the shape of the wavefront using
Fourier analysis [11]. The image quality is described using the point spread
function (PSF) or the modulation transfer function (MTF). The PSF describes
the distribution of light in the image of a point light source. In the absence of
aberrations and scattering, the PSF is determined by diffraction through the
pupil. The Fourier transform of the PSF gives the modulation transfer function
(MTF) that describes the contrast reduction in the image as a function of spatial
frequency.
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2.3 Visual processing in the retina

Once the retinal image is formed, the next step is the sampling of that image by the
retina. The retina is a neurosensory tissue with three layers of neurons separated
by two layers of synaptic connectors (shown in Figure 2.1) [10,12]. The retina also
contains non-neuronal support glial cells called Muller cells that span across the
thickness of the retina (not shown in the figure).

The first and outermost layer of neurons contains the photoreceptors and is
located close to the choroidal layer separated by a layer of pigmented epithelium.
The photoreceptors are the light sensitive neurons that are responsible for
phototransduction (process of converting light energy into electrical impulses).
There are two types of photoreceptors: cones and rods that are functional at
higher and lower luminance respectively. Cones are responsible for color vision
and they are classified into long, medium and short-wavelength cones depending
on their peak response. The central retinal region of about 5.5 mm in diameter is
called the macula. The center of the macula is slightly depressed and this region
is called the fovea. The foveal pit contains only cone photoreceptors and the other
retinal layers are displaced concentrically. The distribution of photoreceptors is
not uniform across the retina (discussed further in Chapter 3). The foveal region
has the maximum density of cones and the central region of the fovea completely
lacks rods. There are no photoreceptors in the optic disc where the optic nerve
leaves the eye and hence, this region of the retina is referred to as the blind spot.
The optic disc is located about 15° nasal to the fovea i.e., in the temporal visual
field.

The second layer of neurons contains bipolar cells, horizontal cells and amacrine
cells. In between the first and the second neuronal layer is the outer plexiform
layer, which contains the synapses linking the photoreceptors with the bipolar and
horizontal cells. There are cone bipolar cells and rod bipolar cells. The rod and cone
pathways are separate until the next neuronal level. The number of photoreceptors
connecting to a bipolar cell increases with eccentricity. The horizontal cells form
lateral connections at the level of photoreceptor-bipolar synapse. Each bipolar cell
is connected to a photoreceptor by two separate paths. A direct path where the
photoreceptor synapse directly with the bipolar cell and the input is received from
photoreceptors in a circular area of the retina, and an indirect path in which the
synapse occurs via the horizontal cells and the input is received from a concentric
ring shaped area. The receptive field (a stimulus region that elicit a response) of a
bipolar cell thereby has a center-surround profile. Functionally, there are two types
of bipolar cells depending on whether they depolarize to increments or decrements
of light. A bipolar cell that is depolarized by the direct input is hyperpolarized by
indirect input and hence the center and surround responses are opposite.

The third layer of neurons contains ganglion cells. The inner plexiform layer
contains the synapses linking the bipolar and amacrine cells to the ganglion cells.
The amacrine cells form lateral connections at bipolar-ganglion cell synapses.
Similar to the bipolar cells, the ganglion cells also exhibit center-surround
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antagonism. In the central retina, many ganglion cells receive input from one
bipolar whereas, in periphery, one ganglion cell receives input from many bipolar
cells. The rod bipolar cells synapse only with the amacrine cells and not directly
with the ganglion cells. The ganglion cells are mainly classified as M and P cells
(corresponding to where they project in the lateral geniculate nucleus in the
thalamus, magnocellular and parvocellular layers respectively). The M cells have
a large dendrite and receive input from many rods and cones, have a low spatial
resolution, high temporal resolution, and respond to low contrasts but are not
very sensitive to changes in color. The P cells have a smaller dendrite, receive
input from few rods and cones, have a high spatial resolution, low temporal
resolution, respond to high contrasts, and are sensitive to changes in color. The
ganglion cells are spatial frequency specific i.e, a ganglion cell gives maximum
response for a particular spatial frequency and reduced response for the adjacent
spatial frequencies. This is governed by the size of their receptive fields;
Figure 2.3 shows a ganglion cell receptive field superimposed on gratings of
different spatial frequency. The ganglion cells also exhibit phase specificity, as the
receptive field shown in Figure 2.3B will give no response if the bars are shifted
such that a dark bar occupies the center of the receptive field. In addition to the
above-mentioned properties, the retinal neurons also exhibit lateral inhibition
similar to any other sensory neurons. Lateral inhibition is the property of an
exited neuron to inhibit the response from the neighbouring neurons.

(A) (B) (C)

Figure 2.3: An on-center off-surround ganglion cell receptive field (the blue inner
circle and the outer annulus represent the center and surround of the receptive field)
superimposed on gratings of different spatial frequency. Condition B will give maximum
response as the center and surround responses will be maximum. Condition A and C will
result in reduced response.

2.4 Post retinal visual processing

The axons of the ganglion cells leave the eye via the optic nerve and the point of
exit is called the optic disc. The ganglion cell axons carry the visual information all
the way through the optic chiasm to the lateral geniculate nucleus. The primary
visual cortex in the occipital lobe of the brain receives the information via the
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axons of the lateral geniculate nucleus. The visual cortex is responsible for further
processing of visual information. Different regions of the retina project to different
regions of the visual cortex in a highly systematic way, meaning that there is a
retinotopic mapping onto the visual cortex. There is a larger area in the visual
cortex representing the fovea compared to the periphery. Cortical magnification
factor is a term used to specify the area in visual cortex to which one degree on
the retina projects. The cortical cells also exhibit spatial frequency tuning, and
in addition they exhibit orientation selectivity. The cortical cells are arranged in
columns and the cells in each column have similar characteristics. The visual cortex
has a wide range of spatial frequency tuned cells and multiple spatial channels
are utilized in the processing of a complex visual stimulus (stimulus containing
different spatial frequencies and orientations). The further visual processing after
the primary visual cortex is beyond the scope of this thesis.





Chapter 3

Central and Peripheral Vision

Our eyes provide a good field of view. The monocular visual field extends about 100°
temporally, 75° inferiorly, 60° nasally and 60° superiorly [13]. In such a wide visual
field, vision is not uniform; the point of best vision is in the center of the visual
field corresponding to the fovea, which in this thesis is denoted as 0° eccentricity.
Beyond the fovea, there is a gradual decrease in vision. Hence, foveal vision is used
for visual tasks that involve finer details and the peripheral vision is used mainly
for detection, orientation, and mobility. The main area of research in this thesis is
peripheral vision and this chapter discusses the variations across the visual field.
First, the optical and neural variations are discussed. The later sections focus on
the variations in visual acuity and contrast sensitivity across the visual field.

3.1 Optical variations over the visual field

The optical quality of the eye decreases with eccentricity. Even an eye that is
emmetropic foveally exhibits significant amount of optical errors outside the fovea.
The off-axis optical errors are dominated by oblique astigmatism [14, 15], which
increases quadratically with the viewing angle [15–17]. The off-axis viewing angle
causes the refractive power to be stronger along the direction of the visual field
meridian compared to the perpendicular direction. For example, for objects in the
nasal or temporal visual field, the refractive power will be greater in the
horizontal principal meridian than in the vertical, resulting in vertical line focus in
front of the horizontal line focus, as shown in Figure 3.1. The off-axis astigmatism
is generally higher in the nasal than the temporal meridian and also shows large
variations between individuals [14]. Defocus also varies with the visual field angle
and the difference with respect to the fovea is defined as the relative peripheral
refractive error. The relative peripheral refractive error will depend on the shape
of the eye. Eyes that are foveally myopic are often more elongated axially and
hence have relative peripheral hyperopia [5, 18]. Whereas, eyes that are
emmetropic or hyperopic in the fovea have relative peripheral myopia. The higher

13



14 CHAPTER 3. CENTRAL AND PERIPHERAL VISION

order aberrations also increase with eccentricity [15–17]. In the higher order
terms, coma is the dominant error in the peripheral visual field. Spherical
aberration, which is the dominant higher order aberration in the fovea, is more
uniform across the visual field. In terms of chromatic aberrations, the longitudinal
chromatic aberration does not vary much across the visual field [19, 20], whereas
the transverse chromatic aberration is almost zero for on-axis objects and
increases with off-axis angle [21,22].

Off‐axis 
viewing angle

(Horizontal field)

θ
Vertical 
line focus

Horizontal 
line focus

Figure 3.1: Off-axis astigmatism for an object located in the horizontal visual field
resulting in an astigmatic error that can be corrected by a negative cylinder with axis 90°.

3.2 Distributions of neurons in the retina

At the retinal level, the distribution of neurons varies from the center to the
periphery (Figure 3.2) [23, 24]. The retina has around 5 million cones and 90
million rods on an average. The cones are concentrated to the fovea and the
density rapidly decreases with eccentricity. The rods are completely absent in the
fovea and the density of rods peaks around 10° eccentricity. The size of the
photoreceptors also increases with the distance from the fovea. More notably, the
cone spacing increases with the retinal eccentricity due to the introduction of
rods. The ganglion cells that receive input from the foveal cones are slightly
displaced concentrically; this concentric zone has the maximum density of
ganglion cells and the density reduces rapidly with eccentricity (seen as the
’m’-shaped distribution in Figure 3.2C). There are about 1 million ganglion cells,
i.e. much less than the number of photoreceptors. The falloff in the number of
ganglion cells with eccentricity is also more rapid. As a result, the cone-ganglion
cell ratio varies with eccentricity. In the fovea, each cone is connected to around
two to three ganglion cells, whereas in the periphery many cones are connected to
each ganglion cell. Another notable asymmetry can be seen in the distribution of
cells along different meridians (Figure 3.2 B and D). The nasal retina has a
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higher density of cones and ganglion cells. In addition to the differences seen in
the retinal neuronal distributions, cortical neurons are also over-represented for
the foveal region as previously discussed in Chapter 2.
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Figure 3.2: Distribution of neurons across the retina. The photoreceptor and ganglion
cell distribution in the horizontal meridian is shown in the left column (A and C). The
nasal retina is denoted with negative eccentricity. The distribution of cones and ganglion
cells in four different meridians (Temporal, Superior, Nasal and Inferior) are shown in the
right column. 0° eccentricity indicates the location of foveal center. The breaks in all the
graphs at around 15° in the nasal meridian indicate the location of the optic nerve. The
graphs are plotted with the data from Curcio et al [23, 24].
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3.3 Visual acuity

The smallest size of a high contrast detail that can be resolved or detected
determines the visual acuity threshold. It is measured in terms of the angle
subtended by the spatial detail in minutes of arc, often denoted as the minimum
angle of resolution, MAR (and similarly for detection as MAD). Within vision
research, visual acuity is commonly denoted in logMAR, which is the base-10
logarithm of MAR. With the logMAR notation, lower values imply better vision.
The spacing between the retinal neurons sets the sampling limit and hence
determines the spatial resolution acuity. However, in the fovea, which has the
highest neuronal density, the sampling density of neurons is higher than the
limitation set by the optical properties of the eye under normal viewing
conditions [25]. The normal foveal acuity is therefore about 0 logMAR
(corresponding to 1 minute of arc in MAR). Beyond the foveal region, it is
obvious from the distributions of the retinal neurons that the ganglion cells serve
as the bottleneck for the sampling of the retinal image. Hence, the limit for the
peripheral visual acuity is most often determined by the ganglion cell receptive
field size. From the discussion so far, it is clear that visual acuity will be best at
the fovea and decline with eccentricity (resulting in higher logMAR values). The
other fact that becomes clear from Figure 3.2D is that the visual acuity at a given
eccentricity will be different for the different meridians.

Resolution and detection in periphery

Another interesting feature in peripheral vision is the difference between resolution
acuity and detection acuity. In the fovea, since the optical limitations are worse than
the sampling limitations, there is no room for undersampling under normal viewing
conditions. However, in the periphery, the neural limitations are more pronounced
and undersampling is unavoidable, especially when the peripheral optical errors are
corrected. Hence, a visual stimulus that contains higher spatial frequency than
the Nyquist frequency (half the sampling frequency of ganglion cells) undergoes
aliasing (Figure 3.3). The undersampled visual stimuli can still be detected but not
resolved. Hence, detection acuity is better than resolution acuity in the periphery,
whereas in foveal vision, resolution and detection acuities are essentially the same.
The effect of optical errors on visual acuity also varies between foveal and peripheral
vision. In the fovea, visual acuity is already limited by the optical properties of the
eye and further optical errors affect resolution and detection acuity equally. In the
periphery, the optical errors do not affect resolution acuity up to certain extent,
as long as the contrast in the visual stimuli is high enough. On the other hand,
detection acuity in the periphery is contrast dependent and are therefore affected by
the presence of optical errors [26,27]. The effect of optical corrections on peripheral
vision is discussed further in Chapter 5.
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Figure 3.3: Principle of aliasing in the peripheral visual field. The left column shows
the visual stimuli (sinusoidal grating) over the ganglion cell receptive field (circles). The
right column shows the signal generated by the visual stimulus. The top row represents
the condition of sufficient sampling, where the grating can be resolved. The bottom row
represents undersampling, where the stimulus can be detected through aliasing but the
details are not resolved.

3.4 Contrast sensitivity

The other important quantitative measure of vision is contrast sensitivity. The
contrast threshold describes the lowest contrast that can be seen and the inverse
of the contrast threshold gives the contrast sensitivity. The contrast sensitivity
function (CSF) describes the contrast sensitivity as a function of spatial frequency
of the stimulus. Figure 3.4 shows a typical CSF curve, which corresponds to a
band-pass filter. The high spatial frequency cut-off represents the visual acuity.
The attenuation of the high spatial frequencies is due to optical factors in the case
of foveal vision. The low spatial attenuation is attributable to the neuronal
properties: the lateral inhibition and the center-surround organization of the
ganglion cell receptive field (see Chapter 2 for details). The CSF is luminance
dependent; the contrast sensitivity is reduced with a decrease in luminance and
both the the peak spatial frequency (the spatial frequency that provides
maximum contrast sensitivity) and the cut-off spatial frequency shift to lower
values [28, 29]. The CSF also varies with the visual field location. In the
peripheral visual field, the CSF is shifted towards lower values in terms of peak
contrast sensitivity, spatial frequency corresponding to the peak and cut-off as
shown in Figure 3.5. The peripheral resolution CSF also exhibit a relatively sharp
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cut-off compared to the fovea. This sharp cut-off is due to the neural sampling
limitation and explains the relative insensitivity to optical errors for the
peripheral resolution acuity. For peripheral detection, the CSF curve will show a
flatter slope towards the cut-off due to the presence of aliasing [30]. Details on
how to measure visual acuity and contrast sensitivity in the periphery are
discussed in Chapter 4 and Paper 4 presents a quick method to measure CSF in
the peripheral visual field. Furthermore, Papers 2 and 3 describe a third
dimension to the CSF, the variations in CSF with temporal frequency, and this is
discussed in detail in Chapter 7.
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Figure 3.4: The contrast sensitivity function for resolution. The spatial frequency is
increasing along the x axis and the contrast is decreasing (increasing contrast sensitivity)
along the y axis. The dotted curve represents the CSF which is the threshold between
resolvable (below the curve) and non-resolvable (above the curve) stimuli.
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Figure 3.5: The contrast sensitivity function variation across eccentricities for one
subject under monochromatic AO correction. The outermost green curve represents the
foveal CSF and the inner curves represent CSF for 10° to 30° nasal visual field. Data from
pilot measurements and paper 4.





Chapter 4

Methods for Evaluation of Vision

All the papers presented in this thesis involve quantification of different aspects of
vision through psychophysical procedures. Measurement of visual function is a vital
step in both clinical and research settings. The traditional clinical vision evaluation
involves measuring visual acuity: testing the smallest letter size readable from a
specific distance. It evaluates only a particular aspect of vision i.e high contrast
spatial resolution. Our visual world is very diverse in both spatial and temporal
aspects. Hence, a more thorough and meaningful evaluation of vision needs to cover
more aspects such as detection and resolution of details, contrast, and movement.
This is in particular important in peripheral vision evaluation, as the detection
and resolution capabilities differ from each other, which is not the case for foveal
vision. This chapter discusses the type of stimuli used for vision evaluation in
the work presented in this thesis (section 4.1) followed by a description of visual
psychophysics and a brief overview of psychophysical methods (section 4.2). Section
4.3 and 4.4 will describe adaptive psychophysical algorithms and development of
a method to more quickly evaluate peripheral CSF. Finally, section 4.5 focuses on
the special considerations for peripheral vision measurements.

4.1 Stimuli for vision evaluation

Measuring visual acuity with the standard vision chart is a simple psychophysical
procedure in which the subject reads the letters starting from the largest size until
the smallest resolved size. Using the traditional letter chart is advantageous in many
ways as it provides a quick estimation of vision and is generally uncomplicated to
perform. However, when it comes to evaluating peripheral vision, letter charts are
not always suitable. We used Gabor gratings (sinusoidal grating within a Gaussian
envelope) as stimuli to evaluate vision in Papers 1-5. Gabor gratings (shown in
Figure 4.1) are well defined in terms of both the spatial frequency (which is not
the case for letters) and the spatial extent. The vision evaluations presented in this
thesis involved quantification of vision by determining the smallest spatial detail
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or lowest contrast (stimulus strength) detectable and/or resolvable under various
circumstances such as, change in orientation or temporal frequency. The highest
spatial frequency that can be resolved gives the grating acuity in terms of cycles
per degree (cpd); from this, the MAR is calculated (30/grating acuity). Once we
have the set of visual stimuli to be used, the second concern is the method with
which the vision evaluations are performed. The psychophysical methods used for
the vision evaluations are discussed in the following sections.

Figure 4.1: A Gabor grating, the visual stimuli used in Papers 1 to 5 in this thesis.

4.2 Understanding visual psychophysics

In an ideal scenario, there will be one threshold for each condition, which
corresponds to the lowest strength of the stimulus that is noticeable. However,
this is not the case in reality as there can be variations in different stages: first
from the physical aspects like fluctuations in the stimulus and optical variations,
and second, there can be variations in the neural aspects like neural noise,
subject’s attention and bias. These issues lead to the fact that the threshold is
not a single value but varies within and between measurement sessions. The
relationship between the physical stimulus and the perceptual response given by
the subject is determined by psychophysical methods.

Psychometric function
When a set of stimuli are presented to a subject and responses are collected, the
psychometric function can be obtained by plotting the probability of correct
responses for every stimulus strength. The shape of the psychometric function is
normally determined by four parameters: guess rate, lapse rate, threshold and
slope (or width of the transition zone). The guess rate is the probability that the
subject gives a correct response even when the stimulus is below threshold, i.e.
not seen (false positives). In a yes-no task where the subject responds whether the
stimulus is seen or not, the guess rate is not fixed and varies depending on the
subject and task. Whereas, in an alternative-forced-choice paradigm (AFC) where
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the subject is asked (forced) to respond with one of the alternatives, the guess
rate is given by 1/number of alternatives. The lapse rate is the probability that
the subject misses to give a correct response even when the stimulus is well above
the threshold (false negative). The examiner usually sets the lapse rate or it can
be allowed to vary within the trial based on the response from the subject [31]. A
lapse rate of 0.05 was set in the work presented in this thesis. Between the guess
rate and lapse rate, the threshold and the slope determine the shape of the
psychometric curve. The template for the psychometric function is often
pre-chosen (for example, normal distribution, Weibull function or logistic
distribution). We used the logistic function in all of the vision evaluations
mentioned in this thesis; where for a 2-AFC procedure with a guess rate of 0.5
and a lapse rate of 0.05, the probability of correct response for a stimulus of
strength x is given by

P (success) = 0.5 + 1− 0.5− 0.05
1 + e−(x−T hreshold)/T ransition zone width

Figure 4.2 shows an example of such a psychometric curve. The dotted lines show
the threshold estimated at a point where the probability of correct responses is
0.725, i.e., midway between 0.5 (guess rate) and 0.95 (1-lapse rate of 0.05).
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Figure 4.2: Psychometric function for a 2-alternative forced choice procedure. The
probability of guessing correctly is 0.5 and the probability for lapses is set as 0.05. The
threshold estimation is at 0.725, i.e. midway between the guess rate and the lapse rate.

Classical vs adaptive methods
The classical model of psychophysics described by Fechner in the mid-nineteenth
century has three methods [32]. The simplest way to estimate the threshold is to
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allow the subject to adjust the stimulus strength until the threshold (from seeing
to non-seeing or vice versa) is reached. This technique is called the method of
adjustment and is the fastest way to obtain the threshold. The next method, called
as the method of limits, uses a set of stimulus values spanning around the expected
threshold as chosen by the examiner. The stimuli are presented sequentially in
ascending or descending order starting from the lowest or highest stimulus strength
until the threshold is reached and this is repeated several times. The third method,
called as the method of constant stimuli is considered the most accurate method,
where a set of stimuli with pre-determined values are randomly presented in a large
number of trials. These classical methods are seldom used now as they are generally
criticized for their subjective biases and/or time consumption. A modification of
the method of limits is the staircase procedure which involves varying the stimulus
strength in ascending or descending order and reversing when the subject reverses
the response, from ‘yes’ to ‘no’ or vice versa. Modern day psychophysics has shifted
towards adaptive methods where the stimulus presented on each trial is chosen
based on the previous trial(s) [33]. The staircase procedure is a simple adaptive
procedure, which considers the response of the previous trial in determining the
stimulus strength for the present trial. More sophisticated adaptive procedures use
a Bayesian approach, where the responses from all the preceding trials are used to
choose the next stimulus. Such Bayesian adaptive methods were used extensively
in the work presented here and the next sections are devoted to the description of
the method in detail and how this algorithm was used in developing a fast routine
to measure peripheral CSF.

4.3 Bayesian adaptive method

In Bayesian adaptive methods, the optimal choice of the next stimulus strength is
done by utilizing all available information. The aim is to place the next stimulus
close to the actual threshold based on the current best threshold estimate. The
process starts with an a-priori probability density function (pdf), which gives the
probability of each possible value of the threshold or any other parameter
describing the psychometric function. If there is no information about the
distribution beforehand, a simple uniform distribution with equal probability can
be used. The a-priori pdf is continuously updated after each trial using Bayes
rule, as the a-posteriori pdf after the trial n becomes the a-priori pdf for the trial
n+1. This method uses either a fixed number of trials as stopping criterion or a
dynamic criterion like a certain level of confidence in the calculations of posterior
pdf. The final threshold is estimated from the mean, median or mode of the
a-posteriori probability density function. The main advantage of using a Bayesian
adaptive method is that it requires fewer number of trials to determine the
threshold, meaning less time for the measurements. This is essential for the vision
evaluations presented in this thesis, as peripheral vision measurements can be
tiresome due to fixation and attentional issues.
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The Psi algorithm

There are different algorithms available that use the Bayesian approach and they
mainly differ from each other in the way of how the a-priori is chosen, which type of
estimator is used in the final threshold calculation and the termination criteria [33].
The visual acuity and contrast sensitivity evaluations presented in this work used
a Bayesian method called the Psi method [34], which estimates both the threshold
and the slope parameter of the psychometric function. This method differs from
many other Bayesian methods as it uses a two-dimensional pdf for the parameter
space and gives final estimates of both mean threshold and slope. It should be
noted that the estimation of slope requires larger number of trials. In the Psi
method used in this work, a uniform a-priori pdf is chosen for the parameter space
and the further a-priori pdf are calculated from the psychometric function, which
is defined with a logistic function. After each trial, the pdf is updated according
to the Bayes rule and the next stimulus is chosen based on the entropy calculation
and this is repeated until a certain number of trials is achieved. An example of how
the stimulus strength is varied through the trials for the evaluation of resolution
acuity using the Psi algorithm is shown in Figure 4.3. It can be seen that the
presented stimulus is close to the final estimated threshold from as early as trial
number 10 (Figure 4.3A) and that the estimated threshold converges at about 20
trials (Figure 4.3B).

0 10 20 30 40 50
0

0.4

0.8

1.2

Trial number

St
im

u
lu
s 
st
re
n
gt
h
 (
in
 lo
gM

A
R
)

 

Correct response

Incorrect response

Final threshold

0 10 20 30 40 50
0

0.4

0.8

1.2
 

Threshold

Slope 

(A) (B)

Figure 4.3: Results of using the Bayesian Psi algorithm for the estimation of resolution
of grating orientation in 10° visual field. (A) The responses given by the subject during 50
trials. (B) The convergence of the parameters: the estimated threshold and the slope (in
terms of the width of the transition zone) of the psychometric function after each trial.
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4.4 Quick evaluation of peripheral contrast sensitivity

So far, the procedure for evaluating the threshold is explained when the stimulus
strength is varied by one parameter. This approach is used in the evaluations of
resolution and detection thresholds for gratings with a particular contrast, by
varying the spatial frequency of the grating, or in the evaluation of contrast
threshold for gratings with a particular spatial frequency, by varying the contrast
of the grating. In order to assess how the contrast threshold varies across different
spatial frequencies i.e. the CSF, the evaluation has to be made across a
two-dimensional stimulus specification space (contrast and spatial frequency).
This is a tedious procedure and can have additional difficulties especially when
measured in the peripheral visual field due to the long measurement time. A
method to quickly evaluate the whole CSF (quick CSF method) using the
Bayesian Psi approach based on a certain parametrization of the shape of the
CSF curve was developed recently for foveal vision [35]. However, the shape of the
peripheral CSF differs from the foveal CSF as it is shifted towards lower values in
both contrast and spatial frequency [30]. In addition, the peripheral CSF for
resolution has a sharp cut-off as opposed to foveal CSF, which shows a smoother
transition. Hence, the foveal method cannot be directly used for peripheral
evaluations.

We therefore implemented a quick routine to evaluate peripheral CSF based
on the foveal quick CSF method using four modified parameters to describe the
shape of the CSF curve that takes the sharp cut-off into account (Paper 4). The
parameter set includes the spatial frequency corresponding to the peak contrast
sensitivity, the contrast sensitivity at the peak, the bandwidth of the curve and
the high spatial frequency truncation beyond which the CSF has a value of zero.
For spatial frequencies below the truncation parameter, the shape of CSF is
described with a log parabola. Figure 4.4 demonstrates a peripheral CSF curve
fitted with these four parameters. In this method, the probability density function
is defined over a four-dimensional space, one for each CSF parameter, and the
stimulus is allowed to vary over a two-dimensional space (spatial frequency and
contrast). A Bayesian algorithm is employed to search for the next stimulus based
on the rules mentioned above. This allows us to perform the evaluation of CSF in
the periphery in about 2 to 3 minutes. Paper 4 also verified the quick CSF
method for peripheral CSF evaluation for different conditions like optical defocus,
number of trials and eccentricities, by comparing the quick CSF method with the
traditional contrast sensitivity measurements obtained with the traditional Psi
method. Paper 5 used the quick CSF method to evaluate the contrast sensitivity
changes following exposure to blur where the results were also confirmed with
visual acuity measurements. In Papers 2 and 3, the CSF measurements were
performed with the Psi method, as moving stimuli were used; the general shape of
CSF with moving stimuli were not well known and hence the quick CSF
developed method could not be used.
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Figure 4.4: Peripheral CSF fitted with the four parameters of the quick CSF method.
The coordinates of the peak represents the spatial frequency corresponding to the peak
contrast sensitivity and the contrast sensitivity at the peak. BW is the bandwidth in
octaves and d is the truncation parameter. The values for these parameters are set to 2.5,
2.0, 2.2 and 12 respectively in the graph.

4.5 Special considerations for peripheral vision evaluation

There are several standard procedures available for the evaluation of foveal vision
that can be utilized for peripheral vision evaluation to a certain extent. The
majority of the literature available on visual psychophysics is also devoted to
foveal vision. The main challenges encountered during peripheral vision evaluation
are fixation and attention. Hence it is important that the measurement time is
kept as short as possible. Psychophysical algorithms based on the Psi method can
give a good estimate of the threshold and in most of the work presented in this
thesis only up to 50 trials were used for a single threshold estimation. The quick
CSF method evaluates peripheral CSF with a good accuracy in about 100 trials.
Attentional difficulties were also avoided by encouraging the subject to take
frequent breaks between the measurements. Fixation was maintained by using an
external fixation target (a Maltese cross) presented either to the same eye or in
some cases to the fellow eye. Having trial measurements for practicing is always
an advantage and was essential even for experienced subjects.

In addition to the challenges mentioned above, several other differences
pertaining to the characteristics of peripheral visual system demands special
considerations. First, the visual task; the resolution and detection acuities are
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different in peripheral vision and have different limitations that are to be
considered. Determination of resolutio threshold often employs a AFC routine
whereas, the detection threshold is estimated by 2-interval-forced-choice method
(2IFC). Second, the stimulus orientation; it is well known that our visual
system does not process all orientations similarly and the orientations parallel to
the visual field meridians are seen better than the others in the periphery. This
becomes an important aspect in tasks like resolution where two or more
orientations are used as alternatives. This factor is discussed in detail in
Chapter 6 and Paper 1. Third, the stimulus window; sinusoidal gratings are
the most common choice of visual stimuli for peripheral visual evaluation and the
size and type of window used around a grating stimulus can affect the estimated
threshold. It has been shown that a minimum of 6 cycles of the grating should be
visible to avoid variations in threshold estimation [36]. In the peripheral visual
field, due to the reduced visual quality, we are often dealing with low spatial
frequency stimuli and this requires a larger window size. The type of window can
also have an impact on the estimated threshold and this is discussed in Paper 1.
Having a Gaussian window has several advantages as the stimulus is then well
defined in terms of both spatial frequency and spatial extent and edge effects are
avoided. Finally, the optical correction; as the peripheral visual field is
dominated by asymmetric optical errors (astigmatism and coma) that may affect
stimuli of certain orientation more than others, care must be taken to provide
proper optical correction to get a uniform accuracy across measurement
conditions. In addition, the sensitivity to defocus also varies depending on the
visual task (resolution, detection and contrast threshold).



Chapter 5

Optical Correction to Improve
Peripheral Vision

Though the peripheral visual field suffers from poorer image quality than the
central vision, the peripheral optical errors are left uncorrected in subjects with
good foveal vision. However, it is important to correct the optical errors while
evaluating peripheral visual functions. Additionally, optical correction in the
periphery is crucial for people with central vision loss, who rely on their remaining
peripheral vision for all activities of daily living. This chapter focuses on
improvements in peripheral vision with optical correction. The first two sections
introduce the methods used in the measurement and correction of peripheral
optical errors. In the last section, the improvements in peripheral vision with
optical correction in subjects with central visual field loss are discussed.

5.1 Measurement of peripheral optical errors

When a subject has foveal refractive errors, the optical correction is finalized by a
technique called subjective refraction, where subject’s response is needed in
choosing the combination of lenses that gives the best visual acuity. Since this
subjective method considers both the optical and the neural components of vision,
it is considered as the gold standard and is used routinely in clinics. Although this
method works excellent for determining the foveal correction, it is often difficult
to perform subjective refraction in the peripheral visual field. One drawback in
performing subjective refraction in the periphery is the relative insensitivity to
defocus for high contrast resolution tasks. One idea would be to use low contrast
letters for the subjective refraction procedures in the periphery, as low contrast
resolution is sensitive to defocus [27]. However, difficulties in keeping the fixation
stable and the long measurement time will still be major challenges.

Furthermore, the increasing amounts of higher order aberrations in the
peripheral visual field cause problems in the accurate determination of the
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peripheral refractive error. Hence, the traditional objective refraction methods
using retinoscopy or automatic refractors give less repeatable and less reliable
measurements [37–39]. The optical corrections in the periphery mentioned in this
work were all measured with objective techniques using either a commercially
available or a custom-built Hartmann-Shack (HS) aberrometer.

Hartmann-Shack wavefront sensor

The basic components of a HS sensor include an array of microlenses, a light source
and a detector. A narrow beam of light is sent into the subject’s eye and the light
reflected from the small illuminated spot on the subject’s retina exits the eye, and
is then focused by the microlens array onto the detector (Figure 5.1). In an ideal
scenario, when the eye is free from any optical irregularity, the exiting wavefront
will be flat and the microlenses will focus it into spots in a regular pattern (green
circles in Figure 5.1). In the case of an aberrated wavefront, the image spots will be
deviated from their ideal position (black asterisks in Figure 5.1). The displacement
of the spots due to the aberrated wavefront can then be analyzed by comparing each
spots position in relation to the ideal spot position in both x and y direction. From
this, the wavefront can be reconstructed and described by Zernike polynomials [40],
which is the recommended standard for reporting wavefront aberrations of the
eye [41, 42]. In order to measure the eye’s aberrations, the wavefront has to be
analyzed in the plane of the entrance pupil of the eye; this is achieved by a set
of relay lenses, which conjugates the pupil to the lenslet array (not shown in the
figure).

Figure 5.1: A schematic representation of the principle of the Hartmann-Shack wavefront
sensor. The figure on the left shows the narrow beam of light entering the eye (dashed
line) and the wavefront exiting the eye. On the right side, the microlens array and the
detector are shown along with the spot pattern. The image positions for ideal wavefront
are shown in green and the same is shown in black for aberrated wavefront. Adapted from
Lundström [43].
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Zernike polynomials and the calculation of refraction
The Zernike polynomials are a complete set of orthonormal functions defined over
a circular pupil. They are usually represented in polar coordinates (ρ and θ) and
used to describe the wavefront in the plane of entrance pupil of the eye. The
Zernike polynomials consist of three components: a normalization factor, a radial
component and an angular component. Each polynomial (z) is identified with its
order (n) that describe the highest power of the radial polynomial and its frequency
(m) that describe the angular frequency. In a wavefront, every polynomial has a
coefficient (c) that describes the weight of that polynomial in the wavefront. The
wavefront (W ) over a circular pupil can then be described as

W (ρ, θ) =
∑
m,n

cm
n Z

m
n (ρ, θ) (5.1)

The refractive error can be determined just from the wavefront’s second order
Zernike coefficients (defocus (c0

2 ) and astigmatism (c2
2 and c−2

2 )) or to higher
accuracy by including corresponding higher order terms (spherical aberration (c0

4,
c0

6,. . . ) and higher order astigmatism (c2
4, c2

6,. . . and c−2
4 , c−2

6 ,. . . )). The equations
below describe the refractive correction with only the lower order terms where
rpupil is the radius of the pupil.
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when the higher order terms are included, the calculation looks like
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pupil
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,
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√
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4 )− 12
√

14(c−2
6 ) + ...

r2
pupil

(5.3)

From this, the spherical (S) and cylindrical (C) lens components of the correction
can be estimated:

C = −2
√

(J02 + J452), S = M − C

2 , axis = 0.5× tan−1 J45
J0

(5.4)
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In Paper 1, off-axis refractive errors were measured with a custom-built HS
sensor. In Papers 2 and 3, a commercial HS sensor (COAS-HD aberrometer,
Wavefront Sciences Inc.) was used to evaluate the off-axis refraction in both
subjects with normal foveal vision and with CFL. The open-view COAS
aberrometer gives repeatable peripheral aberration measurements [44] and is
suggested to provide fast and accurate measurements of peripheral refractive
errors [45].

5.2 Optical correction for peripheral vision evaluation

Peripheral optical correction can be provided to different levels. The simplest
option is to correct the refractive errors with spectacle lenses as was done with
trial lenses in Paper 2 and 3. As the peripheral visual field has large higher order
aberrations, there can be a need for further correction. The monochromatic
higher order aberrations can be corrected with an adaptive optics system, which
compensates for the eye’s aberrations by modifying the wavefront from the visual
stimulus accordingly. A custom-built adaptive optics (AO) system combined with
the visual stimulus presentation system [46] was used in Papers 1 and 4. The
basic components of an adaptive optics system used for the measurement and
correction of the ocular aberrations in combination with the visual stimulus
presentation system are shown in Figure 5.2. The correction of the higher order
aberrations is done by first measuring the aberrations and then deforming the
wavefront that is sent to the eye such that it is opposite of the eye’s aberrations.
The deformation of the ingoing wavefront is achieved with a deformable mirror,
which changes its shape according to the measured wavefront. For the optimum
use of the mirror, trial lenses were used to compensate for the refractive errors
and the AO system compensated for the remaining higher order aberrations. The
AO system was used in a continuous mode, where it measures and corrects for the
remaining residual optical errors in a continuous closed-loop. The system’s
performance was scrutinized by monitoring the residual wavefront errors during
the visual evaluations. The square root of the sum of squares of the Zernike
coefficients gives the total root mean square (RMS) of the wavefront due to the
orthonormality of the Zernike polynomials. Monitoring the residual RMS gives a
good indication about the quality of the AO correction. The residual wavefront
error can also be utilized to calculate the MTF from which the effects of the
residual errors on the image quality can be estimated. This was done in Paper 1
to understand the optical and neural contributions in determining orientation
preference in peripheral vision (discussed in Chapter 6).

The AO correction provides optical quality close to the diffraction-limit and
this is essential to evaluate the neural contribution to various visual functions. In
Paper 4, the peripheral CSF for resolution was evaluated with full monochromatic
aberration correction. In Paper 1, the resolution and detection thresholds were
measured in different peripheral visual field meridians for different grating



5.3. IMPROVEMENTS WITH OPTICAL CORRECTION IN CENTRAL
VISUAL FIELD LOSS 33

Figure 5.2: The basic components of the adaptive optics system combined with the
visual stimulus presentation. The wavefront sensor measures the aberrations and the
deformable mirror is controlled accordingly such that it modifies the wavefront from the
visual stimulus to cancel out the eye’s aberrations. Adapted from Lundström [43].

orientations. In this case, it was important to correct the peripheral optical errors
fully as it might affect gratings of particular orientations more than the other
orientations; hence, full monochromatic aberration correction was used. In
addition, to rule out the influence of transverse chromatic aberration in the
detection of gratings of certain orientations, a narrow band monochromatic filter
was used.

5.3 Improvements with optical correction in central visual
field loss

In subjects with normal foveal vision, high contrast resolution acuity in the
periphery does not improve with optical correction as neural sampling sets the
limitation. However, in CFL subjects, peripheral optical correction improves even
the high contrast resolution acuity [47, 48]. In Paper 3, the off-axis refractive
correction improved resolution acuity in all CFL subjects at low contrast levels
and in 3 out of 5 subjects at high contrast. The improvements in the high contrast
resolution acuity in the three subjects ranged from around 0.1 to 0.7 logMAR (1
to 7 lines), depending on the magnitude of the peripheral refractive error. The
high contrast resolution acuity was thereby contrast limited in subjects with CFL.

Figure 5.3 displays the peripheral resolution CSF measured with optical
correction for subjects with normal fovea (black curves) and subjects with macular
degeneration (red curve). In subjects with normal vision, the CSF in the 10° nasal
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visual field is shown (data from Paper 2). For CFL subjects, the CSF measured in
the PRL is shown (data from Paper 3, only subjects with PRL close to 10° visual
field are shown). It is clear from Figure 5.3 that the contrast sensitivity in the
periphery is reduced in CFL subjects and that the CSF curve is shifted to lower
values in both contrast sensitivity and cut-off. Subjects with CFL will therefore
need more contrast in the retinal image to resolve the details. Correcting the
refractive errors in the PRL will enhance the image contrast and thereby improve
the visual performance. In addition, correction of the higher order aberrations can
give even further improvements [48]. A proper evaluation of peripheral optical
errors in the PRL and correcting the same by means of spectacle lenses or contact
lenses can help CFL subjects in many functional visual tasks.
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Figure 5.3: Contrast sensitivity function for resolution in the peripheral visual field.
The black curves represent CSF at 10° nasal visual field in healthy subjects (from Paper
2) and the red curves represent CSF at the preferred retinal locus for central vision loss
subjects (S2-S5 from Paper 3).



Chapter 6

Orientation Preference in
Peripheral Vision

As mentioned in Chapter 2, the neurons in the visual cortex are orientation specific,
i.e. have a maximum sensitivity to stimulus details with a certain orientation. All
orientations are not processed equally. In the fovea, the visual performance is
better for vertical and horizontal orientations than for oblique orientations, which
is referred to as the oblique effect [49]. This effect is seen across various visual
functions like visual acuity, contrast sensitivity, and orientation discrimination [50–
53]. In the peripheral visual field, the oblique effect is not seen; instead, there
is a preference to orientations that are parallel to the visual field meridian [50,
54, 55]. This characteristic orientation preference in the peripheral visual field is
referred as the meridional effect and is described in detail in the beginning of this
chapter. Section 6.2 describes how the meridional effect influences peripheral vision
evaluation and in section 6.3 potential effects on myopia development are discussed.

6.1 Optical and neural orientation bias

A preference to a certain stimulus orientation can be caused by both optical and
neural characteristics. Any asymmetric optical error like astigmatism, coma or
transverse chromatic aberration can selectively affect a particular orientation and
thereby cause discrepancies in the visibility of different orientations. Pure optical
causes have been ruled out for both the oblique effect and the meridional effect, as
these effects are present even with interferometric stimulus that bypasses the optics
of the eye [56,57].

Presence of meridional effect after optical correction
The peripheral eye is dominated by asymmetric optical errors, which might
selectively affect the contrast of perpendicular orientations. Correcting the
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asymmetric optical errors present in the peripheral field can therefore reduce the
magnitude of the meridional effect. Hence, the meridional effect for an
uncorrected eye can be different from that of a corrected eye. Similarly, the
magnitude of the meridional effect can be different for contrast limited detection
tasks compared to sampling limited resolution tasks. The meridional effect was
evaluated in Paper 1 in different visual field meridians for both resolution and
detection of sinusoidal gratings. After correcting the existing monochromatic
optical errors, the meridional effect was still present for both resolution (0.16
logMAR) and detection (0.10 logMAD) tasks in the 20° visual field. This is shown
in Figure 6.1, where the acuities for different grating orientations are plotted as
circles of different colors. It can be seen that for both resolution and detection,
the largest circle is of the same color as the meridian. This implies that gratings
with lines oriented along the visual field meridian give the best acuity, whereas,
perpendicular gratings give the worst acuity and the oblique gratings are in
between and give similar acuities. The differences in detection acuity for the
parallel and perpendicular orientations exist also when using monochromatic
stimuli and thereby eliminating all possible asymmetric optical errors (Paper 1).

Figure 6.1: Resolution (A) and detection (B) acuities at 20° eccentricity in different
visual field meridians (temporal (T), superior-temporal (ST), superior (S), superior-nasal
(SN), nasal (N), inferior-nasal (IN), inferior (I), and inferior-temporal (IT)). The acuities
are marked as circles and the diameter of the circle is proportional to the acuity (larger
circle indicate better vision). The color of the circle indicates the orientation of the visual
stimuli (the grating orientations are shown below with the border color corresponding to
the marker color) and the same coloring scheme is used also for the visual field meridians.
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The neural component of the meridional effect
After minimizing all possible optical causes, it is clear that the remaining
meridional effect is due to neural mechanisms. It is well known that the retinal
ganglion cells have an oriented dendritic as well as receptive field [58, 59].
However, the processing of information on stimulus orientation mainly happens at
cortical levels. As mentioned in Chapter 2, the cells in the primary visual cortex
are orientation selective [60–62]. These facts suggest that the meridional effect has
a strong neural basis. Though the optical asymmetries are not the reasons for the
existing orientation preference, it is difficult to rule them out as a precursor. For
the foveal oblique effect, the cortical connections are shown to be established
before birth and strengthened by early visual experiences in monkeys [63]. How
much of an influence the peripheral optical errors have in determining or
strengthening the meridional effect during visual development is still unknown.

6.2 Stimulus orientation for vision evaluation

Accurate and reliable measurements of peripheral vision are necessary in many
circumstances and in particular while evaluating an optical correction or
comparing vision across eccentricities or meridians. For a 2-AFC procedure, the
two alternatives are supposed to have similar thresholds. Violating this rule will
lead to unreliable threshold estimation. This is explained here with two example
conditions; Condition A refers to two grating orientations that have the same
threshold (0.4 logMAR) and condition B refers to two grating orientations that
have different thresholds (0.4 and 0.8 logMAR). The probabilities of correct
responses were simulated for different stimuli strengths (from 0 to 1.0 logMAR in
0.05 steps, with 50 trials for each stimulus strength) with the method of constant
stimuli while assuming that the slope of the psychometric curve was zero.
Figure 6.2 shows the result of the simulations for the two conditions. The
threshold estimated at 0.75 probability of correct responses will be at 0.4 logMAR
for condition A (as excepted), but for condition B the threshold estimation can
end up anywhere between 0.4 and 0.8. Hence, the uncertainty in the threshold
will be much larger for condition B.

Further simulations of condition B were performed to compute the uncertainties
in the threshold estimation as a function of the difference in threshold for the two
alternatives. The Psi algorithm was used in the simulations and the responses were
generated for an ideal observer (the slope was set as zero and 25 simulations with
50 trials each were performed for all conditions). In Figure 6.3 each data point
corresponds to the threshold estimated from one simulation and it can be seen that
larger the difference in threshold for the two alternatives, larger the measurement
variation will be. The resulting psychometric function also had a wider transition
zone when the threshold difference was larger.

The meridional effect is a important factor to consider while evaluating vision
in the peripheral visual field, as incorrect choices of stimulus orientations will
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Figure 6.2: Probability of correct responses for a 2-AFC task. Condition A and B (left
and right figure respectively) refer to equal (both 0.4 logMAR) and different thresholds (0.4
and 0.8 logMAR) for the two alternatives respectively. The threshold estimated at 0.75
probability of correct response corresponds to 0.4 logMAR in condition A . In condition
B, since the 0.75 probability of correct response corresponds to acuity values between 0.4
and 0.8, the estimated threshold can be any value between these values.
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Figure 6.3: Estimated acuity threshold from simulations of a 2-AFC task using two
different stimuli orientations with different thresholds. One of the alternatives has a
threshold of 0.4 logMAR in all conditions. The threshold of the second alternative is 0.4
for 0 difference, 0.5 for 0.1 difference and so on. The variation in the estimated threshold
increases with the difference in threshold for the two alternatives.
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result in larger measurement variations. Due to the nature of existing peripheral
optical errors, the discrepancy between acuities for parallel and perpendicular
orientation can be even larger. The natural peripheral astigmatism, as well as
coma, is most often oriented so that it affects the perpendicular orientation more
than the parallel orientation, whereas it affects the two oblique orientations nearly
equally. Hence, using the two oblique orientations (with respect to the visual field
meridian) as alternatives will be better than using the parallel-perpendicular
combination. Irrespective of whether the measurements are performed with or
without proper optical correction, the results from Paper 1 and the simulation
results shown here indicate that the two oblique orientations are the appropriate
choices for a peripheral 2-AFC procedure, as they have close to equal visibility.

6.3 Orientation preference and myopia development

One aspect of vision research where the peripheral image quality is of great concern
is the field of myopia development and progression. The position of the parallel and
the perpendicular line foci in the peripheral field and the resulting retinal image has
been proposed as a cue to halt the ocular growth [64–66]. When one of the line foci
is closer to the retina than the other, it is suggested that the eye grows until a point
when the blur for the two focal lines are equal such that the circle of least confusion
is on the retina. How the eye differentiates between the image quality of the parallel
and perpendicular line foci is not clear, but the orientation preference could possibly
guide this process. Further studies on the role of peripheral astigmatism in myopia
development and progression are needed and it will be interesting to evaluate the
role of orientation preference in this process.





Chapter 7

Peripheral Vision with Moving
Stimuli

Standard vision evaluation employs stationary stimuli. However, in the real world,
the visual environment is seldom stationary. A more thorough visual evaluation
should therefore evaluate our ability to identify and resolve moving objects as well.
Spatio-temporal contrast sensitivity function (stCSF) measurements cover both
aspects of vision: spatial and temporal vision. It is similar to the spatial CSF
described in Chapter 3 but with a third dimension (temporal frequency) added to
it. This chapter describes the general characteristics of the stCSF in central vision
and expands on how it varies in peripheral vision. The final section of this chapter
presents results from measurements with drifting stimuli in people with central
visual field loss.

7.1 Moving visual stimuli

Our eyes are never completely still; small involuntary movements (micro
movements) are persistently present even during fixation. These fixational
movements are indispensable because a constant stimulation of the retinal
neurons will produce weaker response due to neural adaptation (Troxler’s fading);
various studies using different image stabilization techniques have reported visual
fading or reduced visibility with a stabilized retinal image [67–69]. Therefore,
during normal viewing, the small fixational eye movements prevent fading of the
visual scene. In addition to eye movements, we also encounter moving objects in
the visual environment both in the central and the peripheral visual field.
Evaluating vision with moving objects would be a more meaningful measure of
functional vision.

Vision with moving stimuli can be evaluated in different ways; with stimuli that
are moving across the visual field or with stimuli that are drifting within a fixed
area of the visual field. In Papers 2 and 3, we used gratings drifting within a fixed
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window to evaluate peripheral vision with moving stimulus. A sinusoidal grating
drifting within a fixed Gaussian window enabled precise presentation of a stimulus
that is well defined in spatial frequency, temporal frequency and spatial extent.
The temporal frequency of such a moving stimulus can be defined as the number
of grating cycles passing per second (cycles per second or Hertz, Hz).

7.2 Peripheral spatio-temporal contrast sensitivity function

The stCSF consists of spatial CSFs measured at different temporal frequencies.
Most studies have concentrated on the characteristics of stCSF for central
vision [70–73] and found that the shape of the CSF changes with temporal
modulation. Both the cut-off and the spatial frequency that give peak contrast
sensitivity shift towards lower spatial frequencies with temporal modulation. At
higher spatial frequencies, a moving stimulus produces less neuronal response
owing to the temporal processing and the summation duration of the
neurons [70–72], thus causing a reduction in the contrast sensitivity. With higher
temporal frequencies, the foveal CSF has a low-pass filter shape as opposed to the
band-pass shaped stationary CSF [71].

For peripheral vision, Wright and Johnston [74] reported that the change in
contrast sensitivity due to temporal modification of the stimuli was uniform from
the fovea out to 12° eccentricity. However, the peripheral resolution acuity for
drifting gratings has been shown to be similar to that of stationary gratings [27,75],
i.e. not showing the same reduction in cut-off as in the foveal studies [70–73, 75].
Paper 2 resolved this apparent contradiction. Figure 7.1 shows the spatial CSF
curves at 10° nasal visual field measured at different temporal frequencies. It can
be seen that with increasing temporal frequency, the peak contrast sensitivity and
the cut-off shift towards lower spatial frequencies. This behavior is similar to the
foveal stCSF as described in the previous paragraph. The main difference between
the characteristics of foveal and peripheral CSF is in the way the cut-off frequency
decreases with higher temporal frequency; in the peripheral visual field, the cut-
off spatial frequency is not significantly affected up until 15 Hz. This is because
the peripheral resolution cut-off is sampling limited rather than contrast limited.
Hence, the cut-off decreases only when the temporal frequency is high enough to
reduce the contrast significantly.

In line with foveal vision, the 10° visual field also showed improvements in
contrast sensitivity in the low spatial frequency region (below 2 cpd) when the
stimulus is modulated with temporal frequencies of between 5 to 10 Hz. Further
evaluation at other eccentricities (up to 25°) showed similar effect and the
improvements seen with a moving stimulus compared to a stationary stimulus is
uniform over these eccentricities (Figure 7.2). In summary, the peripheral stCSF
can be considered to be a scaled version of the foveal stCSF. However, due to the
sampling limited nature of the peripheral resolution, the cut-off is relatively
unaffected for temporal frequencies up to 15 Hz.
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Figure 7.1: Contrast sensitivity function at 10° nasal visual field in a subject with normal
vision. The data for 0 to 15 Hz is from Paper 2. 30 Hz data is from pilot measurements,
plotted to show the variations with higher temporal frequency (measurements started from
1 cpd for this condition).
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Figure 7.2: Contrast sensitivity for 0.5 cpd gratings at different eccentricities in the
peripheral visual field. The improvement in the contrast sensitivity with 7.5 Hz stimuli is
uniform across eccentricities. Data from Paper 2.
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7.3 Improvements with stimulus motion in central visual
field loss

As discussed earlier in Chapter 5, the contrast sensitivity in the PRL of CFL
subjects is further reduced compared to a similar visual field location in subjects
with normal vision (Figure 5.3). Contrast sensitivity is one of the main limiting
factors for reading in low vision including CFL [76]. Paper 3 shows that in CFL,
the contrast sensitivity in the low spatial frequency region improved with 7.5 Hz
moving stimuli compared to stationary stimuli. This suggests that stimulus motion
could be used as an aid to improve the reduced contrast sensitivity in the PRL.
People with CFL are often prescribed with magnifying devices to aid in reading.
Reading scrolling text has also proved to be beneficial compared to reading a static
material [77, 78]. Hence, combining magnification and with stimulus motion could
be used as an aid to improve reading performance for persons with CFL, if the
temporal modulation is chosen to present spatial and temporal frequencies that
improve the contrast sensitivity. Results from Paper 3 infer that a combination
of proper eccentric optical correction, magnification and stimulus motion can be
important in the visual rehabilitation of people with CFL.



Chapter 8

The Spatial Extent of the Visual
Stimuli

Visual evaluations performed in a laboratory or clinical setup with the stimuli
confined to a specific visual field location (often the fovea) reflect how we perceive
the visual environment only to a first approximation. In daily life, the objects of
interest often cover a larger extent of the visual field. Due to the existing
peripheral optical errors we experience different amount of blur across the visual
field. Additionally, spectacles worn to correct the foveal refractive errors or
multifocal corrections used to manage presbyopia induce further optical errors in
the periphery. How our visual system handles the altered blur across the visual
field under these circumstances cannot be fully predicted from measurements with
a foveally confined stimulus. In addition, from the point of view of myopia
development research, changes in visual perception when the stimulus is extended
to the peripheral visual field is important, as the peripheral image quality is
suggested to influence eye growth. This chapter discusses the changes in vision
when the spatial extent of the visual stimulus is altered. Section 8.1 addresses
how the stimulus extent influences the contrast sensitivity changes following blur
adaptation. Section 8.2 will present how the central perceived neutral focus is
affected when the visual stimulus is extended beyond the fovea.

8.1 Blur stimulus extent and foveal adaptational changes

Our visual system is highly adaptable, which means that the response
characteristics depend on the visual input. The neural sensitivity increases when
the input signal is weak and similarly the sensitivity decreases when the input
signal is strong. The contrast of the visual stimulus is one such input
characteristic and our vision exhibit contrast adaptation. An illustration of
contrast adaptation is given in Figure 8.1 . As can be seen, exposure to a high
contrast visual stimulus decreases the contrast sensitivity. The contrast
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adaptation is spatial frequency specific [79]. Adaptation to a natural image results
in decrease in contrast sensitivity for lower spatial frequencies, as natural images
have a high amplitude for low spatial frequencies [80]. The aftereffects of
adaptation to high contrast at a single spatial frequency and to a natural image
are schematically shown in Figure 8.2. The baseline contrast sensitivity is
suggested to be influenced by the long-term adaptation to the contrast in the
visual environment [81, 82]. Thus, exposure to reduced contrast enhances the
contrast sensitivity from baseline [81–83]. Contrast adaptation is known to
involve both retinal and cortical mechanisms [84].

Figure 8.1: Illustration of contrast adaptation. Fixate on the upper cross for a few
seconds and try not to move your eyes. Then shift your fixation to look at the lower cross.
As soon as you change your fixation to the lower cross, the grating on the left side appears
to have lower contrast for a short period, even though the gratings in the bottom row are
identical. This is because of adaptation to the high and low contrast of the gratings on
the upper row.
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Figure 8.2: Schematic representation of the effects of contrast adaptation. The top figure
shows the CSF before (dotted line) and after high contrast adaptation (solid line) to a
specific spatial frequency (indicated with the arrow). The bottom figure shows the effects
of natural image adaptation, dotted line indicates before and solid line after adaptation.
These schematic illustrations are based on the findings of Blakemore [79] and Webster [80].
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Contrast adaptation has been suggested to be a guiding process for
emmetropization [83, 85] and myopic eyes have been shown to exhibit more
contrast adaptation than emmetropic eyes [86, 87]. An important issue in the
process of emmetropization is how the eye deals with and differentiates positive
and negative defocus. Myopic eyes are less sensitive to negative (hyperopic)
defocus than positive (myopic) defocus both in the fovea [88, 89] and in the
periphery [27, 90] whereas the emmetropic eyes are equally sensitive to both
negative and positive defocus. Defocus-induced blur adaptation is a form of
contrast adaptation; defocus reduces image contrast and the reduction is lower for
low spatial frequencies than for high spatial frequencies. The reports from
contrast adaptation studies are mainly based on adaptation stimuli that are
confined to the central visual field. The contribution of peripheral vision in the
process of blur adaptation was studied in Paper 5, where we evaluated the change
in foveal contrast sensitivity following exposure to blur for 30 minutes with two
different spatial extents of the blur stimuli. The baseline and the follow up
contrast sensitivity measurements were performed without any defocus. While the
adaptation with a foveal blur stimulus showed contrast sensitivity enhancements
compared to the baseline, this effect was not observed when the adaptation
stimulus was extended to cover the horizontal peripheral visual field. The reason
as to why the blur experienced by the visual system with a large stimulus was
lesser than with a small stimulus might be the existing optical and neural limits in
the periphery. During normal viewing conditions, the reduced image quality in
the periphery goes unnoticed. The overall reduction in contrast with an extended
adaptation stimulus might therefore be less noticeable than pure foveal blur.

8.2 Adding peripheral stimulus affects blur perception

Everyone tolerates some amount of blur in the retinal image without taking any
notice of it, but the threshold for this varies widely among individuals. The amount
of defocus in an object that is perceived neither blurry nor sharp is referred to as the
point of neutral focus (PNF). The PNF is known to be influenced by previous blur
experiences [91,92]. The PNF changes following exposure to images that are blurred
or sharpened [93]. Exposure to a blurred image increases the PNF and similarly
exposure to a sharp image decreases the PNF. Again, the PNF measurements are
usually done with images that are small and confined to the fovea. The influence
of stimulus extent on the PNF was evaluated in Paper 6. Image sets with varying
amount of simulated blur were used to find the PNF and each set had images of
different size starting from a 4° foveal image up to a 20° image. The PNF was
larger for stimuli having a larger spatial extent, which means that a higher amount
of blur is perceived as normal when the visual stimulus is extended to cover the
periphery compared to a visual stimulus that is confined only to the foveal region.

The findings from Papers 5 and 6 suggest that including the peripheral visual
field give a different effect than having only foveal input. The peripheral visual
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input, which already suffers from inherent optical and neural limits, is further
degraded in many situations. Some myopia control interventions use the strategy of
altering the peripheral optical errors while correcting the central optical errors [94].
Lens designs that reduce peripheral hyperopia or induce myopic defocus in the
periphery while correcting the central myopia have been used to control myopia
progression [7]. On the other hand, regular spectacles that correct for myopic
refractive errors in the fovea and multifocal corrections given to the myopic subjects
can also induce hyperopia in the periphery [95,96]. In all of these circumstances, it
is intriguing to see how the visual system copes with the altered central-peripheral
blur profiles. Paper 6 also focused on the changes in the PNF following adaptation
to images with different central and peripheral blur profiles. The aftereffects of
adaptation were found to be dominated by the foveal input; including or altering
the periphery in the presence of a sharp or blurred foveal image produced the same
aftereffects as with a image confined to only the fovea. The results of Papers 5 and
6 calls for further investigation to analyze the blur perception using images that
cover larger peripheral visual angles. Using optical blur instead of simulated blur
will be another improvement to study the effects of myopic and hyperopic blur.





Chapter 9

Conclusions and Outlook

In this thesis, psychophysical methods to evaluate peripheral vision were developed,
verified, and subsequently used to investigate the peripheral vision under different
stimuli characteristics like orientation, contrast, and movement. The improvements
in peripheral vision with optical correction and the influence of peripheral blur on
central visual perception were also studied.

The quantification of peripheral vision for different stimulus orientations
showed that peripheral vision evaluations employing a 2-AFC method should
preferably use stimuli that are oriented in oblique directions with respect to the
visual field meridian as these orientations have similar acuities. This is an
important factor to consider during peripheral vision evaluation as the orientation
preference was present for both resolution and detection acuity, even after
minimizing the optical errors. The peripheral contrast sensitivity is reduced
compared to foveal vision and this reduction was even worse in subjects with
central visual field loss compared to subjects with normal vision. We
demonstrated that low spatial frequency stimuli drifting at 5 to 10 Hz improves
the peripheral contrast sensitivity in both subject groups. At the same time, these
temporal frequencies did not reduce the resolution acuity, i.e. the ability to see
high contrast and high spatial frequency stimuli. A combination of optical
correction and stimulus motion can thereby be used to improve the peripheral
vision in people with central visual field loss. Furthermore, we implemented and
verified a quick routine to evaluate the entire peripheral contrast sensitivity
function with a Bayesian adaptive algorithm. We also demonstrated that blur
adaptation and blur perception is influenced by the presence of visual stimuli in
the peripheral visual field.

The results of this thesis have applications both in the field of visual
rehabilitation of central visual field loss and in myopia research. In the future, it
will be interesting to quantify the improvement with optical correction in people
with central visual field loss in a broader context by developing psychophysical
routines to assess performance of everyday activities. In addition, we would like to
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evaluate different combinations of optical correction, magnification, and moving
text to optimize the reading performance in the preferred retinal location. In
terms of myopia research, there are several interesting questions on the role of
peripheral vision in the emmetropization process. The present work can be
extended to evaluate the peripheral astigmatism and orientation preference in
myopic and emmetropic eyes; if myopic eyes show a larger difference in sensitivity
to the two line foci this might have caused the erroneous signal during the growth
of the eyes. Another possible extension could be to use optical blur instead of
simulated blur to study whether the blur perception depends on the sign of
peripheral defocus, and hence whether it could play a role in emmetropization.
Further studies with visual stimuli covering larger peripheral areas are also
recommended to evaluate blur sensitivity with different lens designs. Especially
with multifocal lenses used in myopia control and also in presbyopia correction,
because these lenses alter the blur in the periphery.
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Summary of the Original Work

This thesis is based on the following six papers on the assessment of vision in the
peripheral visual field. Papers 1, 2, and 4 focus on visual evaluation in the
periphery, psychophysical methods, and properties of the visual stimuli. The
findings from Paper 2 led to Paper 3, which demonstrates visual improvements
with optical correction and stimulus motion in subjects with central visual field
loss. Paper 5 and 6 investigate how the presence of visual stimuli in the periphery
influence our foveal visual perception. The author of this thesis had the main
responsibility for the work presented in Papers 1, 2, 5, and 6. The work of Paper
6 was performed in the Visual Optics and Biophotonics lab at the Institute of
Optics, Madrid. For Paper 3, the collaboration partner in Linnæus University,
Kalmar was responsible for subject recruitment, retinal imaging, and fixation
stability measurements and the author was responsible for performing and
analyzing the psychophysical measurements and had joint responsibility in study
design and manuscript writing. In Paper 4, the author took part in the study
design, performed measurements, and was partly involved in data analysis and
manuscript writing.

Paper 1: Choice of grating orientation for evaluation of peripheral
vision
This paper investigates the threshold for resolution and detection of stimuli with
different orientations in the peripheral visual field. Difference in threshold for
different orientations was shown for both tasks, even after eliminating optical
errors. The findings are important for choosing the optimum combination of
stimulus orientations during peripheral visual evaluation.

Paper 2: Peripheral contrast sensitivity for drifting stimuli
This paper describes the shape of the spatiotemporal contrast sensitivity function
in the periphery for subjects with normal vision. A drift speed of 5-10 Hz
enhanced the contrast sensitivity for the low spatial frequencies. Interestingly, the
high contrast resolution cut-off was unaffected. These characteristics were similar
for eccentricities between 10° and 25° in the nasal visual field.
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Paper 3: Optical correction and stimulus motion improve peripheral
vision in eyes with central scotoma
This study presents the visual improvements with a combination of optical
correction and stimulus drift in subjects with central visual field loss. The
contrast sensitivity function in the preferred retinal locus was shifted to lower
values in these subjects. Optical correction could therefore improve their high
contrast resolution cut-off and drifting gratings enhanced the contrast sensitivity
for low spatial frequencies.

Paper 4: Quick contrast sensitivity measurements in the periphery
In this paper, a quick method to evaluate the contrast sensitivity function in the
peripheral visual field is implemented and verified. Measurements of contrast
sensitivity function in different eccentricities and different visual field meridians
are also presented.

Paper 5: Blur adaptation: Contrast sensitivity changes and stimulus
extent
This paper focuses on the vision changes following blur adaptation to optical
defocus of stimuli covering only the central visual field as well as with extended
field stimuli. Contrast sensitivity improvements were found with the small
stimulus but not with the large stimulus. This result indicates that the
aftereffects of blur adaptation vary with the extent of the adaptation stimulus.

Paper 6: Role of parafovea in blur perception
This study shows that the blur perception is dependent on stimulus size.
Extending the stimulus beyond the fovea was found to decrease blur perception.
However, the changes in the perceived focus following short-term exposure to
sharp or blurred image was mainly determined by the foveal input.
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