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Abstract

Failing eyesight causes a dramatic change in life. The aim of this project is to help
people with large central visual field loss to better utilize their remaining vision.
Central visual field loss means that the person has to rely on peripheral vision since
the direct vision is lost, often due to a dysfunctional macula. In these cases, a full
restoration of vision would require replacement or repair of the damaged retinal
tissue, which is not yet possible. Instead, the present study seeks to improve pe-
ripheral vision by enhancing the image quality on the remaining functional part of
the retina by optical corrections.

The off-axis optics of the human eye often suffers from large optical errors, which
together with the lower sampling density of the retina explain the limited visual
function in the periphery. The dominating aberrations are field curvature and
oblique astigmatism, which induce an effective eccentric refractive error. However,
the irregular character of the aberrations and the limited neural function in the
periphery will make it difficult to find the optimal refractive correction; the con-
ventional subjective refraction, for example, is not suitable for subjects with large
central visual field loss. Within the work of this thesis a Hartmann-Shack wavefront
sensor has been constructed for oblique aberration measurements. Wavefront sens-
ing is an objective method to assess detailed information about the optical errors
in the human eye. Theory and methods have been developed to allow accurate off-
axis measurements of the large aberrations, enable eccentric fixation, and handle
the elliptical pupil. The study has mainly concentrated on sphero-cylindrical cor-
rection of peripheral vision. Peripheral resolution and detection acuity thresholds
have been evaluated for seven subjects with central visual field loss and ten control
subjects with normal vision. Five of the subjects with field loss showed improved
resolution acuity with eccentric refractive correction compared to their habitual
central correction, whereas little change was found for the control subjects. These
results demonstrate that correction of peripheral optical errors can be beneficial to
people with large central visual field loss in situations where a normal healthy eye
does not experience any improvements. In conclusion, it is worthwhile to inves-
tigate the peripheral refractive errors in low-vision rehabilitation of central visual
field loss and prescribe spectacle correction when those errors are large.
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Chapter One

Introduction

The human eye is a complicated organ with highly specialized optics and nerve
tissue. Its optical components are designed to form an image of the world around
us, which is then recorded and perceived by the retina and the brain. Even small
imperfections in this process will lower the quality of vision. Most common are
the refractive errors, which mean that the best image is not focused on the retina.
Refractive correction with spectacle lenses appeared already in the late 13th cen-
tury, and today there are several other correction methods: contact lenses, corneal
laser ablation, and lenses implanted into the eye. During the last decade, the wish
to correct more than the refractive errors has grown; corrections are refined to
also compensate for more irregular optical errors in the eye, so-called high-order
monochromatic aberrations (or simply “aberrations”). For example, corneal abla-
tion is often wavefront guided, which means that both refractive errors and high-
order aberrations are taken into consideration. New types of lenses, designed for
correction of spherical aberration, have also reached the market.

When talking about vision and correction of the optics of the eye it is usually the
central, or foveal, vision that is referred to. Foveal vision uses the best part of both
the optics and the retina, and thus provides the highest resolution. In the periph-
ery, vision is of lower quality since it is mainly used for detection, orientation, and
balance. However, this region becomes especially important to people who have
lost their foveal vision, i.e., have a central visual field loss (CFL) and, thus, depend
on the remaining peripheral vision for all vision tasks. The CFL can be caused by
a variety of pathologies, e.g., macula degeneration, atrophy in the optic nerve, and
tumors or inflammation in the eye [1]. The most common cause is age-related mac-
ula degeneration, which is a dysfunction in the central retina. It is estimated that
about eight million people worldwide are severely visually impaired due to macula
degeneration, a number that will increase as the population gets older [2]. The
condition is chronic and so far magnifying devices provide the only help available
in low-vision rehabilitation. However, people with CFL can train themselves to use
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2 CHAPTER 1. INTRODUCTION

the peripheral vision and, in spite of low visual acuity, they can still move around
freely and to a limited extent read and watch television. This eccentric viewing
means actively using a peripheral location on the retina, ideally the best remaining
part, which is then called the preferred retinal location (PRL) (see Fig. 1.1) [3].

The aim of the research presented in this thesis is to help people with CFL to
better utilize their remaining peripheral vision in the PRL by providing correction
of the off-axis optical errors. This project is an interdisciplinary collaboration be-
tween the Visual Optics Group at the Royal Institute of Technology (KTH) and
the Low Vision Enabling Laboratory at Lund University (now at the University
of Kalmar)[4]. The focus of the current work has been to measure, analyze, and
correct the refractive errors and high-order aberrations of the peripheral eye, as
well as to evaluate different aspects of peripheral vision.

The following chapters provide an introduction to the field of peripheral visual
optics. Chapter 2 gives a brief description of the anatomy and optical errors of
the eye, together with a comparison of the peripheral versus the foveal eye. The
next two chapters deal with measurements of peripheral optical errors, which are
often more challenging than foveal measurements. It is, e.g., very difficult to find
the best eccentric refractive correction for a person suffering from CFL with ordi-
nary subjective refraction, as performed in an optometric clinic. We have therefore
designed an instrument for objective measurements, a Hartmann-Shack (HS) wave-
front sensor, and adapted it to measure the off-axis refractive errors and high-order
aberrations. Chapter 3 explains the principle of the sensor. Chapter 4 describes
how the aberrations are commonly quantified using Zernike polynomials and how
these functions can be transformed. Chapter 5 addresses the problem of finding
and implementing optical corrections in large eccentric angles; it concentrates on
eccentric refractive correction and compares the HS technique to other methods.
Even though the optical properties of the peripheral eye can be improved, this does
not necessarily lead to improved vision. It is therefore important to evaluate the
peripheral quality of vision with different optical corrections. Chapter 6 presents
the basic theory of such psychophysical evaluations and discusses the results from
a number of studies. Finally, Chapter 7 gives an outlook for further investigations.

PRL

Fovea

Figure 1.1: Eccentric viewing to a preferred retinal location (PRL, solid rays), foveal
rays are dashed.



Chapter Two

The Human Eye

Of our five senses, vision is the one providing us with most information. The brain
receives visual impressions via approximately one million individual nerve fibers
from each eye. To provide this accurate vision, the eye is a complicated structure,
not yet fully understood. This chapter is meant to give a brief overview of the
function of the eye [5]. It will mainly focus on the optical parts of the eye and on
how errors here influence the image quality on the retina. In the last section the
differences between the peripheral and the central eye are described.

2.1 Ocular anatomy

The basic features of the eye are outlined in Fig. 2.1. On average, the eyeball is
almost spherical with a diameter of 24 mm. The inner part mainly consists of the
vitreous body, a colorless, transparent gel with high water content. About 5/6 of
the outer coat of the eye is covered by the white sclera, whereas the front of the
eye is covered by the cornea (see below). The sclera has a thickness of 0.3 - 1 mm
and consists of whitish collagenous fibers arranged to give some degree of elasticity
to the eye. The tough sclera provides the connection between the ocular muscles
and the eyeball. It also defines the shape of the eyeball, together with the intraoc-
ular pressure, which on average is 0.02 bar higher than the atmospheric pressure.
Underneath the sclera lies the choroid, a tissue layer 0.1 - 0.2 mm thick. Its two
main functions are to nourish the retina with blood vessels and to prevent pene-
tration and reflection of unwanted light in the eye by means of dark brown pigments.

On the choroid lies the light detector of the eye, the retina, which is sensitive to
wavelengths between 400 nm (violet) and 780 nm (red) with a maximum sensitiv-
ity at about 550 nm (green). It contains the photoreceptors and is a part of the
central nervous system together with the spinal cord and the brain. The retina is
a thin transparent membrane (0.35 mm thick at the macula) that extends over the
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4 CHAPTER 2. THE HUMAN EYE
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Figure 2.1: Cross-section of the right eye seen from above. Adapted from [6].

posterior 2/3 of the eyeball. The nerve tissues of the retina are mainly kept in place
by the intraocular pressure and are only attached to the choroid at the optic disc
and at the front of the eye. The outermost nerve tissue (closest to the choroid) is
the photoreceptor layer, which contains the sensory cells, i.e., the cones and rods.
These cells point towards the exit pupil of the eye and transform the incident light
into electrical energy by chemical processes involving photopigments. The cones can
mainly be found in the central retina, as can be seen in Fig. 2.2, and they give color
vision with high resolution when the luminance is sufficient (light levels typically
above 3 cd/m2 but some function remains down to 10−3 cd/m2 [6]). The rods work
under lower light conditions and are mainly used for light and motion detection.
In front of the photoreceptor layer lies the intermediate cell layer with a variety
of different nerve cells, which connect and cross-connect the photoreceptors with
the ganglion cells. The ganglion cells form the innermost layer and collect infor-
mation from the photoreceptors, which is then sent to the brain via the optic nerve.

Two areas of the retina are of special interest: the macula and the optic disc. The
macula is a circular region about 5.5 mm in diameter with a much higher density
of cones and ganglion cells than the rest of the retina (Fig. 2.2). It is also called
the yellow spot as it contains yellow pigments, although it actually looks dark red.
In the center of the macula lies the fovea, a shallow depression in the retina with
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a diameter of 1 - 2 mm, corresponding to a visual field of about 5°. The retina is
thinner here as there are no blood vessels, only nerve tissue. The center of the fovea,
the foveola, contains only cones, up to 150 000 per mm2, and thus vision is best
within these 1.4°. It is to the foveola that the eye normally fixates with so-called
foveal fixation. The optic disc is the region where the optic nerve leaves the eye.
The optic disc has a diameter of 1.7 mm and lies about 13° to the nasal side of the
macula (Figs. 2.1 and 2.2). It is lighter in color and there are no photoreceptors
here, which is why it is commonly called the blind spot.

Eccentricity (degrees)

C
e
lls

 p
e
r 

d
e
g

re
e

ganglion
cells

rods

cones

Figure 2.2: The square root of the areal density (
√

cells/degree2) for rods, cones
and ganglion cells in the human retina as a function of eccentricity. The fovea is
located at 0° and the optic disc is located 10° - 16° nasally (indicated by minus).
Adopted from [7].

The optical and thus transparent parts of the eye consist of the cornea, the aqueous
humor, the crystalline lens and the vitreous body, which will be described below.
Together they transmit light in the wavelength region of 400 nm to 1400 nm, but
wavelengths above 780 nm cannot be detected by the retina. The cornea and the
lens refract the light to form an image on the retina. Their total refractive power
is about +60 D.

The cornea bulges out from the sclera with a front radius of about 7.8 mm and a
diameter, from edge to edge of the sclera, of about 14 mm. Its central cross-section
is close to spherical, with a flattening towards the periphery. The cornea stands for
most of the eye’s refraction of light and contributes with about +40 D. It mainly
consists of a pattern of parallel fibers, with a refractive index of about 1.376. The
outermost part of the cornea is very sensitive to touch and is protected by the tear
film of the eye, which also partly supplies the cornea with oxygen. Behind the
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cornea lies the anterior chamber with a central depth of about 3.5 mm. It is filled
with the aqueous humor, a clear liquid that supplies nutrition and oxygen to the
cornea and the lens, and removes their wastes. The aqueous humor also surrounds
the lens and the vitreous body, and the amount of liquid governs the intraocular
pressure of the eye.

The anterior chamber is separated from the vitreous body by the iris and the crys-
talline lens. The iris is a 2 mm thin annular disc, about 12 mm in diameter, resting
on the front of the lens. The central aperture is the well-known pupil, which lets
light pass into the eye. The pupil is usually 2.5 - 4 mm in diameter, although it
can be as large as 8 mm in darkness. The iris contains blood vessels, nerves, and
an amount of brown pigment cells, which varies individually. This amount decides
the color of the eye; in less pigmented eyes the blue color arises from reflections
and scattering of short wavelengths in the unpigmented iris tissue. To control the
size of the pupil, the iris contains muscle fibers in two orientations: radial fibers,
which make the pupil larger (dilation), and circular fibers, which make the pupil
smaller (miosis). When one or both eyes are illuminated both pupils contract in
the so-called light reflex.

The crystalline lens is a biconvex optical body with a diameter of 10 mm and an
unaccommodated refractive power of +21 D. It consists of onion-like layers with
soft cortex around a harder nucleus and the index of refraction increasing gradually
from the outer cortex to the nucleus (approximately from 1.38 to 1.41 [8]). The
lens substance is embedded in an elastic lens capsule, which is attached to the
ciliary body by the zonular fibers. The ciliary body is a continuation of the choroid
and through it runs the ciliary muscle. When the muscle is relaxed the zonular
fibers and the lens capsule are stretched, which means that the lens is relaxed.
On contraction, the ciliary body moves centripetally, i.e., closer to the lens. This
movement slackens the zonular fibers and the lens capsule compresses the lens to
an accommodated state. On accommodation, the front radius of curvature of the
lens changes from 10 mm to about 6 mm, and thus the refractive power increases.
The range of accommodation is about +15 D at birth and diminishes during life as
the lens becomes more rigid and less curved. By the age of 60 there is almost no
accommodation left; a condition called presbyopia.

2.2 Refractive errors

Refractive errors are the most common cause of reduced vision and are divided into
defocus and astigmatism. These errors result in a blurred image on the retina be-
cause the image distance of the optical system of the eye does not match its length.
This means that the image does not fall on the retina, which hampers vision (see
Fig. 2.3). Luckily, refractive errors can easily be corrected by adding lenses in front
of the eye. The first attempts to improve vision were made by the Egyptians more
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than 4 000 years ago. They used magnifying lenses of rock crystals for detailed
near work. Convex lenses (positive), which are put directly onto the object of in-
terest, have since then been used as magnification tools for presbyopes. However,
it was not until the end of the 13th century that the first convex spectacle lenses
appeared. The use of concave (negative) lenses began in the 16th century and full
understanding of defocus was revealed by Kepler about hundred years later. Also in
the early 17th century, Scheiner was the first to study the refractive and accommo-
dated state of the eye with what became known as the Scheiner disk. Astigmatism
was not known until the turn of the 19th century when Young noted it in his own
eyes and in 1825 Airy made himself a sphero-cylindrical lens [9].

When discussing ametropia, i.e. the refractive errors, the concepts of wavefronts and
far points are useful (see Fig. 2.4). The wavefront is a surface with uniform phase,
perpendicular to the light rays. Parallel light, from a distant object, has plane
wavefronts, whereas light emerging from or converging to a point has spherically
shaped wavefronts, with the center of curvature in that point. The far point of the
eye is the point where an object should be placed to give a sharp image on the
retina of an unaccommodated eye. If the eye is emmetropic, i.e., without refractive
errors, the far point lies in infinity, from which the wavefronts are flat.

Figure 2.3: Simulations of the letter E as it would appear on row V =1.0 on a
visual-acuity chart (see Sect. 6.1). The pupil diameter is 4 mm. The left image
shows the diffraction-limited E, in the middle image -0.25 D of astigmatism with
axis 180° is simulated, and the image to the right shows defocus of 0.25 D.

Defocus is the optical error which influences vision the most; even small defocus
efficiently blurs the retinal image (see Fig. 2.3). There are two kinds of defocus: hy-
permetropia and myopia. About 21% of the Swedish population is hypermetropic,
or farsighted [10]. Hypermetropic eyes have difficulties to resolve close objects, be-
cause the image falls behind the retina, and distant objects can only be resolved
when accommodating. Thus the eye is too short and/or its refractive power too
low and the far point lies behind the eye, instead of in infinity. Hypermetropia
is corrected with positive spherical lenses, which make the light convergent before
it enters the eye. Myopia, or nearsightedness, affects about 33% of the Swedish
population [10]. It is the opposite of hypermetropia; distant objects are blurred
because the eye is too long and/or its refractive power too high. The far point lies
on a finite distance in front of the eye, which causes the image of a distant object to
fall in front of the retina. Negative spherical lenses, which make the light divergent,
can compensate myopia.
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Far point

Myopic eye Eye with aberrations

a) b)

c) d)

Figure 2.4: The concepts of rays, wavefronts and far points when parallel light from
a distant point-source enters the eye in a) and b), and when light from a point on
the retina propagates out of the eye in c) and d). To the left is a myopic eye; in
a) light from a distant object is imaged in front of the retina and c) shows the far
point, i.e., where an object should be placed to give a sharp retinal image. To the
right, eyes with large aberrations can be seen. Due to the aberrations, the retinal
image in b) will always have some degree of blur and there is no clearly defined far
point as can be seen in d).

Defocus is sometimes accompanied by astigmatism (17% of the Swedish population
[10]), which also degrades the retinal image, although not as much as defocus (Fig.
2.3). Astigmatism is a symptom of asymmetry in the optics of the eye, where the
refractive power in one meridian, or cross-section, is different from the power in
the perpendicular meridian. This will result in two line foci, one for each meridian.
Astigmatism can be corrected with toric lenses. A toric lens is equivalent to a
combination of a spherical and a cylindrical lens, with two perpendicular meridians
of the required powers, aligned to match the meridians of the astigmatic eye. The
most common type of astigmatism is “with the rule astigmatism”, which often arises
when the vertical meridian of the corneal surface is steeper than the horizontal one.
Hence the correcting lens needs to have its most positive meridian horizontally, i.e.,
the axis of the negative cylinder is at 180°. The standard to identify the cylinder
axis follows the Tabo scheme (shown to the left in Fig. 2.5).
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Figure 2.5: The left image shows the Tabo scheme, which is the standard cylinder
axis notation. To the right is a lens with meridian powers Pθ and Pθ+90°.

As described above, all refractive errors can be corrected by a toric lens with a
spherical power S and a cylindrical power difference C with axis θ. In this thesis
C will be negative, which is the standard in Sweden and many other countries.
This means that the lens will have the power S in the meridian defined by θ and
S + C in the perpendicular θ + 90° meridian (Pθ and Pθ+90° in Fig. 2.5, given
in diopters). Sphere, cylinder, and axis are the most common way to describe a
refractive correction. However, for mathematical treatment it is more convenient
with prescriptions that divide the power of a lens into components with fixed axis
orientations. One possibility is to use the spherical equivalent, i.e., the mean power,
M , of the lens together with one cylinder with its axis at 180°, C0, and one cylinder
with axis 45°, C45 [11]. Another alternative is to use M together with two cross-
cylinders in 180°, J0, and 45°, J45 [12]. A crosscylinder is an astigmatic lens with
a spherical equivalent of 0 D. For example, a crosscylinder of power J0 in 180° has
the power +J0 D in the 180° meridian and −J0 D in 90°. The different refractive
prescriptions have the following relationships:

M = S + C
2 M = S + C

2

C0 = C cos 2θ J0 = −C
2 cos 2θ

C45 = C sin 2θ J45 = −C
2 sin 2θ

(2.1)

C = −√C02 + C452 C = −2
√

J02 + J452

S = M − C
2 S = M − C

2

θ = arctan
(

C−C0
C45

)
θ = −arctan

(
C/2+J0

J45

) (2.2)

θ = 90° if C45 = 0 and C0 > 0 or if J45 = 0 and J0 < 0
θ = 180° if C45 = 0 and C0 ≤ 0 or if J45 = 0 and J0 ≥ 0
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2.3 Ocular aberrations

Aberrations in an optical system basically mean that not all light is focused to a
diffraction-limited spot, a part is deviated and blurs the image. Aberrations in the
eye will produce a distorted wavefront, where different parts of the wavefront do not
propagate towards the same center of curvature, and thus no distinct far point can
be found (see Fig. 2.4b and d). The refractive errors are sometimes considered as
low-order aberrations. High-order aberrations are caused by errors in the refractive
power of the eye that vary over the pupil, e.g., tilts, decentrations, and irregularities
in shape and refractive index. The high-order aberrations are thus more difficult to
correct, but fortunately, they usually do not deteriorate the retinal image as much
as the refractive errors do. The amount and kind of high-order aberrations varies
between individuals, but a person’s left and right eye often show a mirror symmetry
[13].
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Figure 2.6: The resolving power of the eye as a function of pupil size (solid curve),
the theoretical diffraction-limit is shown as a dashed line (for explanation of visual
acuity see Sect. 5.1). Adapted from [11].

The influence of high-order aberrations increases with pupil size, as is shown in
Fig. 2.6. The reason for this is that rays further away from the optical axis of
the eye are refracted at larger angles by the optical surfaces and thus violate the
paraxial approximation to a greater extent. Consequently, the effect of aberrations
on foveal image quality will be lower in bright daylight, when the pupil diameter is
small. Most eyes with their proper refractive correction are near diffraction-limited
at pupil diameters up to 2 mm [14, 15]. The optimum image quality can be found
for pupil sizes around 2 - 4 mm, provided that the retinal illumination is suffi-
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cient [11]. At larger pupil diameters the blurring due to diffraction diminishes and
the effect of aberrations increases, which becomes evident to many people during,
e.g., night driving. The relationship between resolution and pupil size is shown
in Fig. 2.6. Figure 2.7 shows a number of point-spread functions (PSFs), i.e., the
image of a point-object, which have been calculated for different pupil sizes from
the measurement of one person’s aberrations. This figure also shows coma, one of
the most common high-order aberration in the eye [14, 15], which gives a comet-like
image.

Figure 2.7: Foveal point-spread functions of an eye at different pupil sizes (the image
is a negative). The pupil diameter increases from left to right from 1 to 8 mm. At
1 mm pupil diameter the point-spread function is clearly diffraction-limited. The
height of the rectangular image corresponds to a field of view of 24 arc minutes.

Aberrations in the eye are often measured on the wavefront that propagates out of
the eye from a point on the retina (Fig. 2.8). If the eye is emmetropic and perfectly
without aberrations, this wavefront should be plane. The wavefront aberration,
Φ(x, y), is defined as the deviation from this perfect wavefront. Quantifying the
amount of high-order aberrations of an eye is simplified by use of a RMS-value, i.e.,
the root-mean-square of the wavefront aberration without the refractive errors, or

RMS =

√∫∫
Φ(x, y)2 dx dy

pupil area
, (2.3)

where x and y are the pupil coordinates. The RMS-value gives a rough estimate of
whether the eye has large aberrations or not. At a pupil diameter of 3 mm a normal
RMS-value is around 0.04 - 0.1 µm and at 6 mm it increase to about 0.2 - 0.5 µm
[13–18]. A more detailed quantification of ocular aberrations will be described in
Chap. 4.

The aberrations discussed in this thesis are monochromatic aberrations, when noth-
ing else is stated. Chromatic aberrations, on the other hand, are caused by vari-
ations in the index of refraction with wavelength, i.e., dispersion. The average
index of refraction in the eye varies from 1.3404 for blue (450 nm) to 1.3302 for red
(700 nm). This means that the eye is about 1.5 D more myopic in blue light than
in red [19].
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F(x,y)

Figure 2.8: Wavefront aberrations, Φ(x, y), shown together with a plane reference
wavefront (dashed).

2.4 The peripheral eye

The two major differences between the foveal and the peripheral parts of the eye
are the performance of the optical system and the sampling density of the pho-
toreceptors on the retina. The off-axis optics of the eye are much poorer than the
foveal optics. The eccentric refractive errors are often larger with more individual
variation than the foveal refraction, although they are naturally influenced by the
foveal errors [16, 20, 21]. The major off-axis error is astigmatism, which is induced
by the oblique angle. The peripheral astigmatism and the aberrations are larger
in the nasal visual field, i.e., the field of view closest to the nose [17, 20, 22]. In
eyes with no foveal refractive errors, the peripheral defocus tends to go towards
myopia in 20° to 50° off-axis [20]. The high-order aberrations also show large indi-
vidual variation in the periphery, and the main off-axis aberration is coma [17, 23].
The lower resolution of the peripheral retina is clearly seen in the lower density of
photoreceptors and ganglion cells in Fig. 2.2. In the fovea, there is at least one
ganglion cell for each cone, whereas in the periphery one ganglion cell is connected
to multiple photoreceptors; on average, there is one ganglion cell on 125-130 pho-
toreceptors over the retina [5].

This rapid reduction in retinal image quality as well as in spacing of ganglion
cells suggests that both factors affect peripheral vision. The limiting factor varies
between different individuals and different visual field angles. Although the retinal
sampling density poses a fundamental limit, peripheral vision can improve when
the off-axis optical errors are corrected (see Sect. 6.1 and 6.3).



Chapter Three

Aberration Measurements

This chapter presents the Hartmann-Shack wavefront sensor, a commonly used ob-
jective method to assess both the refractive errors and the high-order aberrations
of the eye. In this work a wavefront sensor was used because the large aberrations
and the low retinal resolution of the peripheral eye make conventional refraction
methods difficult. The HS sensor also has the advantage of providing information
on the high-order aberrations, which is needed to calculate the peripheral retinal
image quality. The following sections reflect the contents of Papers 1 and 2 in the
description of the principle of the HS sensor and of the challenges during the con-
struction of a sensor for off-axis measurements.

The aberrations of the eye were first noticed by Young in the beginning of the
19th century and were further studied by Helmholtz, Seidel, and Gullstrand among
others. One of the first devices to estimate the monochromatic aberrations was the
“Aberroskop” developed by Tscherning in 1894. In this instrument the pupil of the
eye is covered by a grid and converging light shines through it. The light source
is thus imaged in front of the retina and the subject will perceive a blurred light
spot with a shadow image of the grid, distorted by aberrations. Unfortunately, it is
difficult to get absolute measurements of the aberrations of the eye with subjective
methods. Today, the aberrations of the eye are therefore quantified objectively by
measurement of light that has been reflected from the retina. One of these objective
methods is the double pass method, which views the retinal image of a point source
with a camera [26]. Another method is laser-ray tracing, where a narrow laser
beam is scanned over the pupil and its interception with the retina is recorded
[27]. However, the most wide-spread method to assess ocular aberrations is the HS
sensor.

13
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3.1 The Hartmann-Shack wavefront sensor

The HS sensor originates from the first technique to objectively estimate aberra-
tions in lenses, the Hartmann test, from the early 20th century. The Hartmann test
uses an array of small openings in the entrance pupil of the lens. The openings
single out small bundles of rays and make it possible to follow how they are re-
fracted by the lens. In 1971 the Hartmann test was modified by Shack and Platt by
replacing the perforated screen by an array of small lenses - the Hartmann-Shack
wavefront sensor [9]. In the beginning the HS sensor was mainly used in astro-
nomical applications, until Liang et al. used a sensor from the European Southern
Observatory to perform the first experiments on human eyes in 1994 [28]. The HS
sensor provides a fast and accurate method to measure the wavefront aberrations of
the eye. Its popularity increased rapidly, mainly because the laser surgery industry
had an interest in compensating wavefront aberrations. Now, thirteen years after
its introduction in visual science, a HS sensor can be found in most visual optics
research groups, and commercially available automatic wavefront sensors are find-
ing their way also to ophthalmologists and optometrists.

The principle of a HS wavefront sensor is both simple and ingenious. Its essential
components are a light source, an array of small lenses, and a detector. The light
source is usually a laser or a diode, since a narrow beam of parallel light is needed.
The beam of light is sent into the eye and forms a spot on the retina. Some of the
light is reflected and propagates back through the eye, as if coming from a point-
source on the retina. The wavefront exiting the pupil then falls upon an array of
small lenses, i.e., the lenslet array. Each lenslet focuses a part of the wavefront to a
spot on a detector in the focal plane of the lenslet array. The locations of the spots
depend on the local slopes of the wavefront and thus information can be derived
about the refractive state and the high-order aberrations of the eye (Fig. 3.1). For
example, if the eye is completely without optical errors the emerging wavefront
will be flat, which means that each lenslet will focus its section of the wavefront
to a spot straight behind it. When the wavefront is aberrated, its shape will be
distorted and the light-spots will move away from the projections of the lenslet
centers. The detector will thus record a spot-pattern, which has been distorted by
the aberrations.

To build a fully functional HS sensor for ocular measurements some additional
optical equipment is required. The light intensity and exposure time (typically less
than 0.5 s) have to be controlled to avoid damaging the eye and the wavelength is
often in the near infrared, which can be used at somewhat higher intensities and is
more comfortable for the subject [29]. The light enters the eye via a beam splitter.
Upon entrance, part of the light will be reflected by the cornea (the first Purkinje
image). To prevent this corneal reflex from hitting the detector, and thus disturbing
the measurement, the light is sent into the eye slightly to the side of the corneal
vertex as seen in Fig. 3.1. For correct measurements, the lenslet array should be
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Aberrated
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Pupil edge

Figure 3.1: The principle of the Hartmann-Shack sensor. The aberrations are ex-
aggerated for clarity and the telescope, which images the wavefront from the exit
pupil to the lenslet array, is omitted.

located at the entrance pupil of the eye. This is physically impossible and the pupil
is therefore imaged via afocal optical systems to the lenslet array. The resulting
spots on the detector can then be located and associated to the corresponding
lenslets. The wavefront is finally reconstructed from the displacements of the spots
and quantified, e.g. with Zernike polynomials (see Sect. 4.1).

3.2 Reflections on the Hartmann-Shack principle

The principle of a HS sensor relies on the fact that the emerging wavefront is di-
rectly related to the image quality in the eye. However, one could argue that the
wavefront exiting the eye differs somewhat from the wavefront inside the eye, which
forms the retinal image. First of all, the in- and outgoing rays will follow slightly
different paths in the optical system and will therefore be refracted differently (com-
pare cases b and d in Figure 2.4). Moreno-Barriuso and Navarro [30] investigated
this effect of the difference in path on an artificial eye and found a close match
between wavefront aberrations for the incoming and outgoing rays. The image of a
point source measured directly on the artificial retina (the PSF) also compared well
with the simulated image computed from the wavefront measurements. Secondly,
another difficulty with the HS principle is to know which retinal plane the light is
reflected from. It is usually assumed to be the plane of the photoreceptor layer and
a number of studies have shown that this is indeed the case for visible and near
infrared light [31–33]. However, even a small deviation from this assumption will
affect the measured defocus.

The defocus term also depends on the dispersion of the eye, which needs to be
compensated for if the aberrations are wanted at another wavelength than that
used during the measurement. If we consider the optics of the eye simply as a thin
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phaseplate, the measured wavefront that exits the eye can be expressed as

Φλ1(x, y) = Φsphere(x, y)− (nλ1 − 1) d(x, y), (3.1)

where Φsphere(x, y) is the spherical wavefront that emerges from the point source on
the retina, before incidence upon the phaseplate (x and y are the pupil coordinates),
and nλ1 is the refractive index of the ocular media for the measurement wavelength
λ1. The power of the eye and the induced wavefront aberrations are described by
the phaseplate thickness d(x, y). The same expression can be used for the desired
wavefront at wavelength λ2, which in combination with Eq. 3.1 becomes

Φλ2(x, y) = Φsphere(x, y)− (nλ2 − 1) d(x, y)

= Φsphere(x, y) + (nλ2 − 1)
(Φλ1(x, y)− Φsphere(x, y))

(nλ1 − 1)
(3.2)

=
(nλ2 − 1)
(nλ1 − 1)

Φλ1(x, y) +
(nλ1 − nλ2)
(nλ1 − 1)

Φsphere(x, y).

The dispersion of the eye, i.e. expressions for nλ1 and nλ2 , has been modelled by
Thibos et al. [19] and this model is now widely used [34](λ in µm):

n(λ) = 1.320535 +
0.004685

λ− 0.214102
. (3.3)

To achieve a correct measurement of the emerging wavefront in the entrance pupil
of the eye some considerations are needed. Firstly, the wavefront should be imaged
correctly on the lenslet array. To at least partly compensate for possible wave-
front changes introduced by the optical system, the sensor is calibrated by sending
in a flat, undistorted wavefront from the position of the eye. The resulting spot-
pattern on the detector can then serve as a reference for measurements of aberrated
wavefronts. Secondly, the centers of the spots, the centroids, have to be located
to calculate the local tilts of the wavefront. Aberrations and speckles can cause
irregularly shaped spots, which makes it more difficult to define the centroids. The
conventional localization method is a center of gravity estimation, which works sat-
isfactorily with high light levels and high sampling density of the detector (for a
recent overview from the field of astronomy see e.g. [35]). Thirdly, the spots on the
detector need to be assigned to the correct lenslets. This can be a challenging task
if the aberrations, and hence the spot movements, are large, the so-called unwrap-
ping problem. There are different means to solve the unwrapping problem, both
software [36, 37] and optical solutions. For example, most systems incorporate a
translation step to compensate defocus, and Paper 2 describes the software method
developed during this work to unwrap highly aberrated spot-patterns. However,
large high-order aberrations will eventually cause spot overlap, which can only be
avoided with more advanced optics [38–40]. Finally, the wavefront is reconstructed



3.3. OFF-AXIS WAVEFRONT MEASUREMENTS 17

from the sampled local tilts; the standard method is to perform a least-squares fit
with Zernike polynomials (see Sect. 4.1). It is advisable to use many polynomials to
resolve details and avoid smoothing of the wavefront. The reconstructed wavefront
can be checked by calculating backwards from the wavefront to the spot-pattern
and compare with the raw data.

In conclusion, the HS sensor is a very fast and robust method to measure the
wavefront aberrations of the eye. Many studies have been performed to compare
the results of the HS sensor with other objective and subjective techniques and
have concluded that the resolution and accuracy of the HS sensor is well within the
normal variability of the optical aberrations of the human eye [30, 31, 41–45].

3.3 Off-axis wavefront measurements

Peripheral optical quality of eyes with normal foveal vision has been studied by,
among others, Jennings et al. and Narvarro et al. with double pass methods [46–
48]. However, these studies could not assess the details of the optics and with laser
ray tracing Narvarro et al. [16] were the first to measure the off-axis aberrations
in detail and quantify them with Zernike polynomials. The first report on off-axis
measurements with a HS sensor was published by Atchison in 2002 [17]. Within the
project presented here, a HS wavefront sensor was developed for off-axis measure-
ments on subjects with CFL (see Fig. 3.2 and Paper 1 for a detailed description).
These oblique measurements require additional considerations due to large aberra-
tions, alignment of the subject’s preferred retinal location with the measurement
axis, and the elliptic shape of the oblique pupil.

The aberrations in the periphery are often much larger than on-axis, which im-
plies that the HS spot-pattern is more irregular and the unwrapping problem can
therefore be more difficult to solve. The software-based unwrapping method used
in this project is an extrapolation method, which makes a simple connection be-
tween a few spots and lenslets in the center of the pupil, fits suitable polynomials
to these displacements, and then extrapolates to predict the spot locations for the
other lenslets. The extrapolation is performed in an iterative manner; going in
steps out from the center of the pupil until no more spots can be associated with a
lenslet. This unwrapping method increases the dynamic range of the sensor and can
successfully handle missing spots and difficult parts in the pupil. For a thorough
explanation refer to Paper 2.

It is more difficult for subjects with CFL to keep a stable viewing angle than it is
for subjects with normal foveal vision. This is because the PRL is not as confined
as the fovea; no large differences in visual quality can be noticed if the eccentric fix-
ation angle changes a few degrees (compare with the 1.4° diameter of the foveola).
Therefore much training is required to find a PRL and sometimes no well-defined
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Figure 3.2: The upper figures show the principle of off-axis wavefront measurements
with the Hartmann-Shack sensor (see Fig. 3.1 for explanations). The lower row of
photographs are from a measurement in 22°. (The ring of bright spots in the left
photograph is a reflection in the cornea of the diodes used to illuminate the pupil,
the narrow beam of measurement light is not visible.)

area of the peripheral retina can be found, e.g., some people with CFL use different
PRLs for different visual tasks. Two fixation targets have been developed espe-
cially to help subjects align their PRL to the measurement axis of the HS sensor
(see Paper 1 and Ref. [4]). The first fixation target covers the area around the
measurement axis and gives the subject visual clues to stabilize the viewing angle.
On the measurement axis there is a second fixation target, which is larger than
normal foveal targets and should be fixated by the subjects in the direction of their
PRL. The HS system also incorporates an eye-tracker to follow the movements of
the eye.

In peripheral measurements, the pupil will inevitably appear elliptic in shape, with
the minor axis of the ellipse equal to the radius of the circular pupil multiplied
with the cosine of the off-axis angle. This will not cause any problems for the
actual wavefront measurement. It will, however, complicate the quantification of
the aberrations since the Zernike polynomials are defined over a circular pupil. This
difficulty with elliptical pupils is discussed more in Sect. 4.3.



Chapter Four

Description of Wavefront Aberrations

The optical quality of the eye can be described in different ways, whereof this chap-
ter will focus on wavefront aberrations in terms of Zernike polynomials. The first
section is meant as a brief introduction to the American National Standard from
2004 [49], but also presents a population distribution of wavefront aberrations for
normal subjects. The background to Paper 3 is given in section 4.2. Paper 3 is then
discussed further in section 4.3, with special emphasis on elliptic pupils. Finally,
calculations of retinal image quality from wavefront aberrations are described.

4.1 The Zernike polynomials

The raw data from a Hartmann-Shack measurement is the shape of the wavefront
expressed as local tilts, averaged over the area of each lenslet. The actual wavefront
is often reconstructed with polynomials and for the eye the standard today is to
use Zernike polynomials [49–51].

The Zernike polynomials, Zm
n , constitute a complete, orthogonal set of functions,

defined over a unit circle, and were first suggested by Frits Zernike in 1934. The
polynomials Zm

n (x, y), where x and y are the pupil coordinates normalized with
the pupil radius, consists of a radial polynomial with order n (positive integer)
multiplied with a harmonic function with azimuthal frequency m (|m| ≤ n), which
takes even or odd integer values depending on whether n is even or odd (m =
±n, ±(n−2), ±(n−4). . . ). In polar coordinates

(
ρ =

√
x2 + y2 and θ = arctan( y

x )
)

the polynomials are defined as

Zm
n (ρ, θ) =

{
Nm

n Rm
n (ρ) cos mθ m ≥ 0

−Nm
n Rm

n (ρ) sin mθ m < 0 , (4.1)
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where the radial function is given by:

Rm
n (ρ) =

n−|m|
2∑

s=0

(−1)s (n− s)!
s! [0.5(n + |m|)− s]! [0.5(n− |m|)− s]!

ρn−2s, (4.2)

and the normalization factor is

Nm
n =

√
2(n+1)
1+δm0

{
δij = 1 i = j
δij = 0 i 6= j

}
. (4.3)

Defined this way, the Zernike polynomials fulfill the following orthogonality condi-
tion:

∫∫
Zm

n (x, y)Zk
j (x, y) dx dy = pupil area δmkδnj = π δmkδnj . (4.4)

n = 0
Mean value

n = 1
Tilt

n = 2
Astigmatism
and defocus

n = 3
Coma and

trefoil

n = 4
Spherical
aberration

m = 0

m = -1

m = -2

m = -3

m = -4

m = 1

m = 2

m = 3

m = 4

Figure 4.1: The first fifteen Zernike polynomials, Zm
n , and their conventional names.
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Figure 4.1 shows the first fifteen Zernike polynomials. The zeroth and first radial
order have no relevance for the aberrations in the eye. The second-order terms (n =
2) correspond to the refractive errors, although there are high-order polynomials
which also contain defocus terms. Some of the third and fourth-order terms are
similar to the Seidel aberrations coma and spherical aberration. However, there are
also many terms that have no Seidel counterpart, because the eye is not rotationally
symmetric. In the expansion of the wavefront every polynomial has a coefficient,
cm
n (often given in µm), which gives the weight of that polynomial in the wavefront.
Together, the Zernike polynomials and the Zernike coefficients can describe any
wavefront, Φ(x, y), over a circular pupil:

Φ(x, y) =
∑
m,n

cm
n Zm

n (x, y). (4.5)

The orthogonality of the polynomials leads to the following simple expression for
the RMS-value (see Eq. 2.3 and 4.4, sometimes only terms with n ≥ 3 are used):

RMS =

√∫∫
Φ(x, y)2 dx dy

pupil area
=

√∑
m,n (cm

n )2 pupil area
pupil area

=
√∑

m,n

(cm
n )2. (4.6)

From a HS measurement, the Zernike coefficients for the wavefront are most often
directly found by a least-squares fit of the derivatives of the Zernike polynomials
to the measured local tilts in the x- and y-direction [28, 52]:

Tiltx(xp, yp) =
∑
m,n

cm
n

rpupil

∂Zm
n (xp, yp)

∂x
(4.7)

Tilty(xp, yp) =
∑
m,n

cm
n

rpupil

∂Zm
n (xp, yp)

∂y
, (4.8)

where (xp, yp) are the positions of the lenslets in the normalized pupil plane. The
radius of the measured pupil, rpupil, should be in the same unit as the coefficients,
i.e. commonly in µm.

With the Zernike coefficients, the wavefront aberrations of different eyes can be
easily compared and averaged. Figure 4.2 shows an example of how Zernike coef-
ficients vary for 100 young persons with normal vision. Note, however, that the
coefficients must always be recalculated to the same pupil size before comparison
(see next section).

4.2 Effect of pupil changes on Zernike coefficients

The numerical values of the Zernike coefficients from a measurement depend on the
size and shape of the pupil they are defined for. The most commonly used trans-
formation is to recalculate the Zernike coefficients from the large dark-adapted or
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Figure 4.2: Population distribution (mean value and standard deviation) of third-
and fourth-order Zernike coefficients from foveal measurements on 200 eyes. The
pupil is 6 mm in diameter (data from a study by Thibos et al. [53])

dilated pupil at the time of the measurement to a smaller pupil size. This can be
solved by a new least-squares fit of Zernike coefficients to a smaller part of the orig-
inal spot-pattern. It is, however, unpractical to handle raw-data and therefore a
number of papers have purposed methods to transform Zernike coefficients directly
between different pupil sizes, so-called concentric scaling [54–57].

Sometimes, the wavefront needs to be constricted in a non-concentric fashion or even
rotated, e.g. when the robustness to alignment errors of an aberration correction
is evaluated. In Paper 3 an analytic theory for all three kinds of transformations is
described. The basis for the theory is to use a more general, complex form of the
Zernike polynomials [51]:

Zm
n (ρ, θ) =

√
n + 1 Rm

n (ρ) eimθ. (4.9)

Here the radial function is the same as that defined in Eq. 4.2, but the normalization
factor has been changed to fulfill the same condition of orthogonality as in Eq. 4.4
(with the difference that there should be a complex conjugate on the second Zernike
polynomial). The new complex coefficients, cm

n , are related to the conventional real
Zernike coefficients as





cm
n = (cm

n − i c−m
n ) /

√
2

c0
n = c0

n

c−m
n = (cm

n + i c−m
n ) /

√
2



 , where m is positive. (4.10)
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To derive the transformation of a set of coefficients, cm
n , in one normalized pupil

coordinate system (x, y) to another set ĉm
n in (x̂, ŷ), we note that both sets describe

the same wavefront:

Φ(x, y) =
∑
m,n

cm
n Z

m
n (x, y) =

∑
m,n

ĉm
n Z

m
n (x̂, ŷ) = Φ(x̂, ŷ). (4.11)

The complex notation allows the Zernike polynomials to be expressed as a sum of
terms on the form ρn−2seimθ. Since

ρneimθ = (ρeiθ)
n+m

2 (ρe−iθ)
n−m

2 , (4.12)

it is enough to derive the coordinate transformation of the ρeiθ-terms to know
the change of the Zernike polynomials, and thus the transformed coefficients. The
theory of Paper 3 utilizes the fact that ρeiθ is equivalent to the normalized pupil
coordinates, expressed as a complex number in polar coordinates (i.e. ρeiθ = x+iy).

With this formalism, the transformation of Zernike coefficients due to a change of
pupil size, centration, or rotation can easily be performed: calculate the complex
coefficients of the original wavefront (Eq. 4.10), perform the transformation to
achieve ĉm

n for the new wavefront, and calculate back to the standard Zernike
coefficients. When the pupil size is decreased concentrically, aberrations of higher
orders will partly transform to lower orders, leaving the eye with less high-order
aberrations (compare with Sect. 2.3). Generally, a transformation of the pupil
might increase the existing Zernike coefficients, but will never induce any additional
Zernike terms of radial orders higher than the original.

4.3 Elliptic pupils

When the wavefront is measured off-axis in large oblique angles the pupil will ap-
pear elliptic in shape. This makes the description and quantization of the wavefront
aberrations with Zernike polynomials more complex because the polynomials are
defined over a circular pupil. There are then three possible ways to quantify the
aberrations with Zernike coefficients (see Fig. 4.3): over a small circular aperture
located within the elliptic pupil; over a large circular aperture encircling the elliptic
pupil; or by stretching the elliptic pupil into a circle. This section will only discuss
the difference between these three representations, the reader is directed to Paper
3 for mathematical details.

A circular subaperture of the real elliptic pupil can be realized either with software,
which removes spots outside the circle in the measurement image, or with a circu-
lar aperture placed in an image plane of the pupil during the measurement. The
aperture should be centered and its radius equal to, or smaller than, the minor axis
of the elliptic pupil (second column in Fig. 4.3). This representation is less well
correlated with the peripheral image quality in large oblique angles, because parts
of the natural wavefront are omitted.
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Figure 4.3: Wavefront aberrations with an elliptic pupil reconstructed with Zernike
coefficients in three alternative ways: the leftmost column shows the original wave-
front as it emerges from the eye; the second column presents the version with Zernike
coefficients describing a circular part of the original wavefront; the third column is
the alternative, in which the Zernike coefficients also contain extrapolated wavefront
data; and the last column shows the original wavefront stretched out into a circle.
Two different wavefronts are shown. The upper row shows spherical aberration, c0

4,
which in the stretched version transforms to second- and fourth-order terms, here
c0
2, c2

2, c0
4, c2

4, and c4
4. In the lower row an arbitrary wavefront shape is shown.

Many HS sensors calculate the Zernike coefficients over a circular aperture that
encircles all spots in the measurement image, i.e. for peripheral wavefronts they
would automatically use the second approach. The resulting coefficients will de-
scribe a wavefront that is extrapolated outside the boarders of the elliptic pupil
(third column in Fig. 4.3). This means that the RMS-value of the real wavefront
can not be calculated directly from the Zernike coefficients (Eq. 4.6). However,
together with information on the true elliptic shape of the pupil, these coefficients
give a full description of the original wavefront and the peripheral image quality.

The last alternative stretches the elliptic pupil into a circular shape and has been
used in earlier studies to quantify peripheral wavefront aberrations with Zernike
coefficients. Navarro et al. [16] used laser ray tracing with denser sampling of the
wavefront along the minor axis of the pupil than along the major axis. The Zernike
coefficients were then fitted to a stretched version of these sampling points, now
spaced uniformly. Atchison et al. [17] measured the wavefront with a HS sensor
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and stretched the spot-pattern into a circle before fitting Zernike coefficients. In
this case, the stretching of the wavefront was performed so that the height of the
wavefront was conserved (i.e. the slope of the wavefront was decreased). The ad-
vantage with stretching the wavefront is that the RMS-value of the wavefront is
given directly by the Zernike coefficients (Eq. 4.6). However, the drawback is that
a Zernike polynomial in this stretched version will described a different wavefront
shape than the same polynomial would for the case with circular pupils. As can
be seen in the upper row of Fig. 4.3, the term for spherical aberration, e.g., will
not give a rotational symmetric wavefront with the stretching-alternative (compare
the rightmost wavefront with the other three). Furthermore, extra manipulations
are needed to find the retinal image quality. If peripheral wavefront aberrations
are represented by Zernike coefficients for a stretched wavefront these can be trans-
formed into coefficients for the two other approaches, with circular pupils, using
the theory of Paper 3.

In this work, the wavefront was most often described by Zernike coefficients that
also contained extrapolated data outside the elliptic pupil. This extrapolated part
was then removed during the image quality evaluation described in the next section.
The approach with a small artificial circular pupil was used in Paper 5 for practical
reasons.

4.4 Retinal image quality

The wavefront emerging from the eye contains the information needed to calculate
the light distribution and image quality on the retina. This can be done with the
theory of Fourier optics, which is thoroughly described in Ref. [58], only a brief
summary is given here.

The wavefront Φ(x, y) describes the phase of the electric field, Uentrp, of the light
from a point source on the retina, in the plane of the entrance pupil of the eye:

Uentrp(x, y) ∝ P(x, y) = P (x, y)e−i 2π
λ Φ(x,y). (4.13)

Here P(x, y) is termed the pupil function, λ is the wavelength, and P (x, y) is a
function that equals one inside the pupil and zero outside. The function P (x, y)
can describe any arbitrary shape of the pupil (e.g. elliptic) and sometimes also
includes a representation of the Stiles-Crawford effect [59]. When the light instead
comes from a distant point source outside the eye, the electric field in the exit pupil
of the eye, Uexitp, i.e. inside the eye, will approximately equal Eq. 4.13 with an
additional spherical term (see also Sect. 3.2). The spherical term represents the
convergence of the wavefront towards the image plane and depends on the refractive
power of the eye. Propagating Uexitp a distance z from the exit pupil to the retina
using the Fresnel diffraction integral gives the electric field, Uretina, in the retinal
plane (described by the coordinates xr and yr in refractive index n) as a Fourier
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transform, F , of the pupil function:

Uretina(xr, yr) ∝
∫∫

pupil

P(x, y) e−i2π( nxr
λz x+ nyr

λz y) dx dy = F {P} . (4.14)

Here, the phase factor in front of the integral has been omitted for simplicity. The
normalized light intensity distribution on the retina is given by:

PSF(xr, yr) =
Uretina(xr, yr) U∗

retina(xr, yr)∫∫∞
−∞ Uretina(xr, yr) U∗

retina(xr, yr) dxr dyr

=
|F {P}|2
pupil area

. (4.15)

This light distribution is called the point-spread function (PSF), since it describes
the image from a distant point source, and is a popular measure of image quality.
Note that for oblique wavefront measurements, the resulting PSF will correspond
to a retinal image point in the same direction as Φ(x, y) was measured in. For eyes,
the PSF is often described in visual angle coordinates, which in radians correspond
to nxr

λz and nyr

λz . These angular coordinates are usually expressed in degrees or arc
minutes. One way to quantify the PSF is the Strehl ratio, which is defined as the
peak value of the PSF of the eye divided by the peak of the diffraction-limited PSF
for the same pupil size:

Strehl ratio =
max(PSFeye)

max(PSFdiffraction)
. (4.16)

The Strehl ratio will be a number between zero and one, where one means diffraction-
limited performance. The PSF can also be convolved with an object to simulate
the aberrated retinal image of that object. This is how the figures of retinal images
in Chap. 1 have been calculated.

Another common measure of image quality is the modulation transfer function
(MTF), which describes how sinusoidal gratings are imaged by the optical system.
MTF is defined as the modulation, or contrast, in the image divided by the origi-
nal modulation in the object and is a function of the spatial frequency. In vision
science the spatial frequency is often expressed as cycles per degree of visual angle.
All objects can be described by a sum of sinusoidal gratings with different orien-
tations and frequencies, e.g., a point object contains an infinite number of spatial
frequencies. The MTF can therefore be found by dividing the PSF into its spatial
frequency components with a Fourier transformation:

MTF =
Modulationimage

Modulationobject
= |F {PSF}| . (4.17)

The PSF, Strehl ratio, and MTF are measures of the retinal image quality and thus
useful tools to predict the outcome of an optical correction, which will be described
in the next chapter.



Chapter Five

Refraction and Correction

Ametropia can be corrected with sphero-cylindrical lenses, i.e., with conventional
spectacles. Today, there are also more advanced correction methods available to
partly compensate for high-order aberrations in the eye. It is, however, not always
easy to find the optimum correction, especially not in the periphery where the
aberrations are large and the retinal function limited. This chapter reflects the
content of Paper 4 and discusses the problems of finding and implementing an
optical correction for peripheral vision. It begins by briefly describing common
techniques to assess foveal refraction. In section 5.2, the difficulties to find the
sphero-cylindrical correction from wavefront aberrations are discussed. Techniques
to measure the eccentric sphero-cylindrical error are then described in section 5.3.
Finally, section 5.4 presents some techniques to correct high-order aberrations.

5.1 Traditional refraction methods

The most common refraction method for foveal vision is subjective refraction, which
is performed daily in optometry clinics. In short, subjective refraction lets the sub-
ject test a number of different lenses by reading letters in varying sizes on a visual
acuity chart. The best correction is defined as the trial lens that optimizes the
readability of the letters. Subjective refraction is considered to be the “golden stan-
dard”, because it includes the whole process of vision, i.e., both the optics of the
eye and the nervous system.

Streak retinoscopy [11] is an objective method in the sense that it does not require
any feedback from the subject, and thus only involves the optics of the eye. The
examiner holds the retinoscope, with a bright light source, about 0.6 m from the
eye of the subject. The light enters the subject’s pupil and is reflected from the
retina. The reflex in the subject’s pupil is viewed by the examiner. When the
retinoscope is tilted, the reflex will move over the pupil in a direction depending
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on the refractive error. The examiner puts different lenses in front of the subject’s
eye until the reflex movement changes direction. This implies that the subject’s far
point lies in the plane of the examiner. Retinoscopy is a fast and useful method to
perform objective refraction. However, a lot of practise is required to master the
technique.

“Autorefractor” is a generic term for automated machines, which measure the ocular
refraction objectively by some method. One method used by some autorefractors
is eccentric photorefraction [11], which works by the same principle as retinoscopy.
The essential parts are a light source and a camera, which images the retinal reflex
in the pupil plane. This reflex is visible only in some parts of the pupil of the eye,
depending on the location of the far point. The size and intensity of the reflex is
measured to find the refractive state of the eye. One autorefractor with eccentric
photorefraction combined with retinoscopy is the PowerRefractor [60, 61], which
has been used within this project (see Paper 4 and [62, 63]).

5.2 From wavefront to refraction

The objective Hartmann-Shack sensor provides the total wavefront aberrations of
the eye expressed as Zernike coefficients (described in Chap. 3 and 4). This infor-
mation has to be analyzed to find the sphero-cylindrical refractive correction that
gives best image quality for the subject and correlates well with subjective refrac-
tion. It is not obvious what “best image quality” means and thus by which metric,
i.e. which measure of optical quality, to optimize. From Fig. 2.4 it is clear that no
distinct far point can be found when the aberrations are large; for example, is it
most desirable to image a small light source as a bright but smeared out spot, or
as a sharp but low-contrast dot? The metrics available are usually divided into two
groups: pupil plane metrics, based directly on the wavefront aberrations, and im-
age plane metrics, where the wavefront aberrations are used to calculate the retinal
image quality according to Sect. 4.4.

The most common pupil plane metric is to minimize the RMS of the wavefront error
(Eq. 4.6), i.e., to compensate for the overall toroidal shape of the wavefront. Due
to the design of the Zernike polynomials, this refraction can simply be calculated
from the second order coefficients (see Sect. 4.1 and the last paragraph of Sect.
2.2):

M = − 4
√

3
r2
pupil

c0
2 , C0 =

4
√

6
r2
pupil

c2
2 , C45 =

4
√

6
r2
pupil

c−2
2 , (5.1)

where the coefficients and the radius of the pupil, rpupil, are in meters to give the
refractive correction expressed in diopters.
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Another way of calculating the refraction directly from the wavefront is the so-
called Seidel refraction, which refines the minimum-RMS correction of Eq. 5.1 by
inclusion of high-order Zernike coefficients with quadratic terms in x and y :
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The Seidel refraction will correspond to the toroidal wavefront shape in the center
of the pupil, with no influence from the outer parts of the wavefront. Consequently,
the refraction will not vary with the size of the pupil.

A number of studies have investigated how to predict the foveal subjective refraction
from wavefront measurements with different metrics [64–66]. They all concluded
that minimization of the RMS-value gave poor prediction, especially when the
aberrations were large, and that image plane metrics were in general more accurate.
There is a vast variety of possible image plane metrics. One alternative is, e.g., to
maximize the Strehl ratio of the PSF (see Sect. 4.4), which will give a bright
core to the resulting corrected PSF surrounded by a more diffuse background.
Another metric is to minimize the spread of the PSF and thereby increase the
contrast of lower spatial frequencies compared to the optimization of the Strehl
ratio. The area under the MTF-curve can also be used as a metric, the resulting
image will then depend on the region and weight of spatial frequencies chosen for
the optimization. Some of the more accurate image plane metrics to predict foveal
subjective refraction also take the neural functions of the retina and the brain into
consideration.

5.3 Eccentric refraction

In the periphery, measurements of sphero-cylindrical refractive errors are more un-
reliable due to large aberrations and limited retinal function. Subjective refraction
as performed in foveal vision is therefore not possible to use as a “golden standard”.
This implies that it is difficult to find the optimum without extensive visual evalu-
ation of different corrections.

Only a limited number of studies have addressed the accuracy of off-axis refraction
methods [67–69] and Paper 4 presents the first study on the agreement between
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Figure 5.1: An example of eccentric correction with spectacle lenses. The subject
uses eccentric viewing to look into the camera with her right eye, i.e., she is using
the nasal visual field. The strabismic left eye is not used.

subjective eccentric refraction and objective measurements with a HS sensor. In
this study the image plane metric for converting the off-axis wavefront aberrations
into refractive errors was the Strehl ratio, which was computed for the elliptic pupil
over a range of simulated refractive corrections and the correction that gave the
maximum Strehl ratio was selected. This refraction was then compared to three
other techniques: a novel subjective method, where different trial lenses were tested
to optimize the subject’s ability to detect gratings [68], the PowerRefractor, and
streak retinoscopy, which has been used in previous off-axis studies [21, 67, 68]. All
four techniques could find eccentric refractive errors, although no “golden standard”
could be determined. However, the HS sensor proved to be the fastest and most
practical approach. The subjective method was time-consuming and less precise
than the other techniques. Retinoscopy was already known to be difficult to perform
off-axis [70] and this study found it difficult to determine the axis of the astigmatism.
The PowerRefractor provided fast estimations of the eccentric refraction but could
not be used to measure on subjects with small pupils. The HS sensor could measure
all subjects and agreed reasonably well with the other three methods, but further
evaluation of the choice of metric is needed, especially since a small myopic shift
was found in the results.

5.4 Optical correction

In a first step to try to improve the peripheral vision for people with CFL this
project used sphero-cylindrical refractive correction with spectacles, which were
worn as normal spectacles for foveal vision (Fig. 5.1). The refractive power was
calculated from wavefront measurements by optimization of the Strehl ratio. The
choice to first use refractive correction is because sphero-cylindrical errors degrade
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the retinal image more than high-order aberrations do. Additionally, earlier studies
have found the refractive errors to be large in the periphery even when there were
no foveal refractive errors [20], e.g., in the study of Paper 6 astigmatism of 9 D was
found for one subject in 20° eccentricity (compared to 1 D on-axis).

Full monochromatic high-order aberration correction of the eye can today only be
achieved in laboratory set-ups using adaptive optics. The technique originates from
astronomy and was introduced in the field of ophthalmology and visual science in
1989 [71]. An adaptive optics system typically consists of a deformable mirror in
combination with a wavefront sensor, often a HS sensor. The aberrations of the
eye are measured with the sensor and compensated for by letting the light from the
object of interest pass via the adjusted deformable mirror (see Fig. 5.2). Adaptive
optics makes diffraction-limited vision possible as well as high quality imaging of
the retina [72–74]. It can be used to evaluate visual performance with different
optical corrections and thereby enable studies on how aberrations influence the
process of vision. Within this project peripheral vision and its correlation with
off-axis wavefront aberrations were investigated with the adaptive optics system at
the University of Murcia, Spain (see Paper 5 and Sect. 6.3).

Deformable

mirror

Wavefront sensor

Stimulus

Figure 5.2: The principle of an adaptive optics system, not drawn to scale. The
pupil of the eye is imaged onto the mirror and onto the sensor via lenses (not
shown).

There are also techniques to partly compensate for monochromatic high-order aber-
rations of the eye outside the laboratory. Contact lenses have the potential to
correct high-order aberrations, but the degree of correction will be limited by the
movement of the lens relative to the eye. Today there are commercially available
contact lenses for inducing negative spherical aberration to compensate for the ex-
isting positive spherical aberration in most eyes (see Fig. 4.2). Also intraocular
lenses, which are implanted into the eye (e.g. in cataract surgery), are available
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with negative spherical aberration. The possibility for fully customized correction
is also in this case limited by the accuracy in positioning the lens and in determin-
ing the required correction prior to the surgical procedure. Spectacle lenses could
possibly be used for aberration correction, with the disadvantage that the eye must
look through the optical center for optimal correction. Wavefront-guided corneal
laser ablation was initially envisioned to give full customized correction and “super-
vision”. However, the resulting corneal shape has been difficult to predict because
of wound healing.



Chapter Six

Quality of Vision

Even though the previous chapters have described how to find the eccentric cor-
rection, further evaluations of the correction are required to know whether it can
improve peripheral vision. This is necessary because the effect of correction will
depend not only on the optical properties of the eye, but also on how the neural
system, i.e., the retina and the brain, interprets the image on the retina. This
chapter is therefore dedicated to the evaluation of the visual function. The first
section discusses a variety of tasks that the visual system is capable of. Section 6.2
introduces the field of psychophysics and the last section, 6.3, presents evaluation
of eccentric corrections and results of Paper 5 and 6.

6.1 Different visual functions

Human vision is very flexible and objects with a variety of sizes, shapes, light in-
tensities, contrasts, temporal durations, colors, and backgrounds can be perceived.
The process of visual perception can be divided into different categories depending
on the complexity of the task [75]: the most basic is detection, i.e., to notice the
presence of an object without discerning any details; discrimination is to notice
the difference between two objects; resolution is to discern the properties of the
object, i.e., what is normally called “seeing”; and identification of the object is the
most advanced type of resolution. These tasks are all affected by the properties
of the object and the optical quality of the eye, but will involve different parts of
the neural visual system. This section will concentrate on the ability to detect and
resolve small details.

The size of the smallest detail that can be seen (e.g. detected or resolved) is called
the spatial acuity threshold and is a measure of the visual angle of the detail A,
e.g., the width of a line in a grating or the stroke width of a letter divided by the
distance to the object. Common measures of acuity are the decimal Snellen fraction

33



34 CHAPTER 6. QUALITY OF VISION

V and the logMAR-value, which is often used in vision research [11]:

V =
1
A

, logMAR = log10 (A) = log10

(
1
V

)
, (A in arc minutes). (6.1)

Note that a decimal V close to zero means poor vision, whereas a more negative
logMAR-value indicates better vision. Decimal V equal to 1.0 (logMAR 0.0) for
reading letters in high contrast and good illumination is regarded as normal foveal
vision, but many people have acuity thresholds of 1.5 (logMAR -0.18) or even
higher. This high-contrast letter identification is the most common measurement
of visual function, performed daily in an optometry clinic, and is often referred to
as visual acuity. However, the spatial acuity threshold depend on the properties of
the stimulus used and the decimal V is for example lower for low-contrast objects
and in dim illumination (see Fig. 6.3).

The evaluation of detection and resolution acuity thresholds will give different re-
sults depending on where in the visual field it is performed. Both thresholds are
best in the fovea, since the optics and the neural system are optimized for foveal
vision. The acuities will drop rapidly towards the periphery due to larger optical
aberrations, which reduce the contrast of the image on the retina, and due to lower
density of cones and ganglion cells, which results in sparse sampling of the image
(see Fig. 2.2). Foveal vision is, under normal viewing conditions, generally limited
by the optical properties of the eye. In peripheral vision, however, the limitations
set by optical and neural factors are more comparable, and detection and resolution
thresholds can be limited by different factors. This is possible since detection of
an object requires less information than to resolve the object; detection can occur
through the aliasing phenomena even though the sampling density of the retina is
lower than the spatial frequencies present in the image [76, 77]. Aliasing means
that spatial frequency components above the Nyquist criterion are interpreted as
lower, distorted frequencies. These distorted frequencies contain no information
that the visual system can use to resolve the object, but they do, however, show
that the object is present (see Fig. 6.1). For example, the acuity threshold to detect
a grating (here defined as the highest spatial frequency that can be discriminated
from a uniform field) and the threshold to resolve the same type of grating (defined
as the highest spatial frequency for which the orientation of the grating is correctly
identified) will be equal for foveal vision, but in peripheral vision the detection
threshold can be better than the resolution threshold [24, 25, 78].

6.2 Psychophysics

As the name suggests, psychophysics is the evaluation of perceptual responses to
physical properties of the stimuli. The most common form of visual psychophysi-
cal measurements is assessment of spatial acuity thresholds. An acuity threshold
will not only vary with changes, intentional or not, in the stimulus, but will also
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Figure 6.1: The principle of aliasing. The figures on the left show a sinusoidal
grating pattern incident on a detector with discrete sampling (circles). The detector
response is shown to the right. In the upper row the spatial frequency of the grating
is low enough to be resolved by the detector, whereas the high-frequency grating
on the lower row will generate a distorted lower-frequency response that does not
resemble the true image as a result of aliasing. The blackness reflects the area that
is covered by stripes of each circle. Note that the actual sampling of the retina is
not regular.

fluctuate with the random variations in the visual system and with the attention
and bias of the subject [75]. Response bias refers to the preference of the subject
to give a certain answer, e.g., responding “I don’t see” instead of trying to guess.
Psychophysical methodology is designed to control this bias and take the random
fluctuations into consideration.

The frequency-of-seeing is fundamental to a psychophysical measurement; it gives
the probability that the stimuli are correctly seen as a function of the tested stimulus
property, e.g. the size. Ideally, the frequency-of-seeing would be a step-function
with the stimuli always visible above the threshold and never seen below, i.e., cor-
rect responses of 100% and 0%, respectively. However, the fluctuations in the acuity
threshold will change the function into a continuous curve (see Fig. 6.2), which is
often described using a Weibull distribution or a Boltzmann sigmoidal function.
This means that the threshold will have to be defined as the stimulus property
which gives a certain percent of correct responses. In practice, the frequency-of-
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Figure 6.2: A theoretical example of a frequency-of-seeing curve. The dots symbolize
the percentage of correctly seen stimuli at each tested stimulus level (i.e., each dot
represents a number of stimulus presentations), the solid line is a Weibull function
fitted to the measurements, and the dashed lines represent the 50% threshold.

seeing function is assessed by randomly presenting a large number of predefined
stimuli and calculate the percent of correct responses at each level, the so-called
constant-stimuli method. For example, in Paper 5 Landolt C’s were used, i.e., the
letter C rotated to have the gap in different orientations. For each stimulus size a
number of C’s with random orientations were presented and when the size was too
small to resolve the subject was forced to guess the orientation of the gap. This is
called an alternative-forced-choice procedure and has the advantage that the bias
of the subject is controlled, i.e., since the subject has to guess, the probability of a
correct answer when the stimulus is not visible is known.

The constant-stimuli method is time-consuming and not always practical to per-
form. Therefore, a number of different measurement routines are used for quicker
estimation of the frequency-of-seeing curve (see e.g. [79]). These procedures require
an initial approximation of the shape of the curve and the stimulus-level that is most
informative to test is predicted. The shape of the curve and the stimulus-level are re-
calculated after each subjective response. Compared to the constant-stimuli method
this procedure requires fewer stimuli presentations because the stimulus-level is cho-
sen more efficiently. There are even more time-efficient methods to only estimate
the acuity threshold, including subjective methods, in which the subject adjust the
stimulus property to “barely visible” and staircase methods, where the examiner
changes the stimulus property in steps around the threshold value according to the
response of the subject. Depending on the details of the experiment, thresholds
at slightly different percentages of correct answers are found [80]. However, such
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methods are well suited for studies to, e.g., find and compare optical corrections (in
Paper 4 a subjective method is employed and Paper 6 uses a staircase procedure).

6.3 Effect of eccentric optical correction

Psychophysical evaluation of optical correction in peripheral vision is more compli-
cated than foveal evaluation as separated psychophysical procedures for resolution
and detection acuity thresholds are required. As mentioned in section 6.1, eccentric
resolution acuity might not be improved by optical correction in spite of the higher
retinal image quality. Furthermore, the fluctuations in the acuity thresholds might
possibly be larger due to less stable fixation (for persons with CFL) or to lower
attention of the subject (for persons with normal vision).

Earlier studies on people with intact foveal vision have concluded that correction of
the eccentric sphero-cylindrical refractive errors only improve peripheral detection
and not resolution acuity [24, 81–84]. Two of these studies measured the thresholds
of resolution and detection in the periphery as a function of optical defocus. They
found an interval of several diopters where aliasing occurred and resolution only
showed small fluctuations [81, 84]. These findings were the reason for the choice of
the novel subjective method in Paper 4, where detection acuity was improved with
trial lenses. However, it should be noted that these earlier studies did not investi-
gate the total optical quality, i.e. the high-order aberrations, of the corrected eye.
The study of Paper 5 was therefore performed with an adaptive optics system in
oblique viewing angles on subjects with normal vision. This enabled a detailed de-
scription of the off-axis optics of the eye with different degrees of optical correction
(including both sphero-cylindrical refractive correction and high-order aberration
correction). The results were in line with the earlier conclusions; no significant
improvement in high contrast eccentric resolution acuity could be found.

Within this project it has previously been shown that eccentric refraction can im-
prove peripheral vision in subjects with CFL [62, 63]. However, it was not clear
in these studies whether it was the threshold of detection or resolution that was
improved. Therefore, a new study was performed to measure the detection and
resolution acuity separately for CFL subjects (see Paper 6). As expected, detec-
tion acuity improved with optical correction. Five of seven subjects also showed
improvements in high-contrast resolution acuity when eccentric refractive correc-
tion was used instead of their former foveal refractive correction. This does not
necessary mean that the subjects with CFL have better peripheral vision with cor-
rection than healthy eyes (see the comparison in Fig. 6.3), even though they are
more accustomed to eccentric viewing. On the contrary, some of the CFL subjects
appear to have worse peripheral vision, which might be an indication of reduced
function also in the peripheral retina.
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Figure 6.3: Results from the study of the peripheral visual function with foveal and
eccentric correction (Paper 6). The mean values of different acuity thresholds are
plotted together with the error bars for the 95% confidence intervals. The left graph
is for subject E, who has central visual field loss, and the right shows the healthy
subject C4. The images below each pair of bars symbolize the visual task (from left
to right): number identification in high and low contrast, and detection of horizontal
and vertical gratings in high and low contrast. Note that the scale is in logMAR,
i.e., a lower value means better vision (Eq. 6.1). Both subjects used an eccentric
viewing angle of approximately 20°.



Chapter Seven

Conclusion and Outlook

This study has shown that the remaining peripheral vision for people with cen-
tral visual field loss can be improved by optical correction. Conventional sphero-
cylindrical correction with spectacles enhanced the eccentric resolution acuity on
five out of seven selected subjects. The Hartmann-Shack principle has been adapted
to enable reliable measurements of the off-axis optics in direction of the preferred
retinal location. However, further investigations are needed on the choice of image
quality metric to find the best refractive correction.

Unfortunately, peripheral vision is poor also with optical correction. However, the
improvements found in this project are large enough to be of practical use for the
individual. For example, a change from 1.35 logMAR to 1.20 logMAR means that
30% smaller details can be resolved. Furthermore, in the case of a recent loss of the
central visual field, an accurate eccentric correction can possibly facilitate the for-
mation and use of a PRL. The fact that some persons with severe CFL can benefit
from such relatively inexpensive means as an adapted spectacle prescription, needs
to be communicated within the low-vision rehabilitation community. In the future,
the possibilities of correction of high-order aberrations in the periphery ought to be
examined further. Even if it does not improve high-contrast resolution, there are
other visual functions that can benefit from optical correction, e.g., motion detec-
tion and low-contrast vision.

In a more indirect way, the optical errors of the peripheral eye can also be important
for people with normal foveal vision. The off-axis optics of the eye is believed
to influence the emmetropization process, i.e. the refractive development of the
foveal optics. Furthermore, accurate psychophysical measurements of the peripheral
retinal function (perimetry) requires eccentric refraction and correction.
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Summary of the Original Work

This thesis is based on the following six papers, which focus on evaluation of the off-
axis optics of the human eye and on peripheral vision for people with central visual
field loss. The author has been the main responsible for all six papers. The work
of Paper 1, 4, and 6 was performed in collaboration with the Low Vision Enabling
Laboratory at Lund University, who selected and trained the subjects with central
visual field loss, performed the PowerRefractor and retinoscopy measurements, and
carried out the visual evaluation. The study presented in Paper 5 took place at the
Laboratory of Optics at the University of Murcia, with their adaptive optics system
and visual evaluation procedure. The author participated both in the planning of
the study as well as in the actual experiments and analyzed the results.

Paper 1 Off-axis wavefront measurements for optical correction in
eccentric viewing

This paper is a survey of the Hartmann-Shack system that was de-
signed to measure the wavefront aberrations and find the eccentric
refractive correction in oblique viewing angles. It describes the opti-
cal set-up, the fixation targets, and the software, and gives examples
of successful peripheral measurements on subjects with central visual
field loss.

Paper 2 Unwrapping Hartmann-Shack images from highly aberrated
eyes using an iterative B-spline based extrapolation method

This paper describes a software-based algorithm designed to solve the
unwrapping problem for the large aberrations in off-axis wavefront
measurements. While the principle of unwrapping with B-spline poly-
nomials has previously been described theoretically, we implemented
the idea and made it suitable for peripheral ocular measurements.
With the algorithm it is possible to measure aberrations with up to
13 times larger Zernike coefficients. Errata: The letter A that occurs
six times in equation 7 should be replaced by A.
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Paper 3 Transformation of Zernike coefficients: scaled, translated,
and rotated wavefronts with circular and elliptical pupils

This paper discusses the quantification of off-axis wavefront aberra-
tions in the special case of elliptical pupils, induced by the oblique
viewing angle. Theory is developed to transform between different
ways to represent elliptical wavefronts using the conventional Zernike
polynomials, which are only defined for circular pupils.

Paper 4 Assessment of objective and subjective eccentric refraction

In this paper, the difficulty to find the eccentric refraction is investi-
gated by comparing wavefront measurements to two other objective
techniques and a novel subjective method for 50 subjects with normal
vision. The study showed that the Hartmann-Shack principle is a fast
and robust approach that gives results comparable with the Power-
Refractor instrument, streak retinoscopy, and subjective refraction
with gratings.

Paper 5 Effect of optical correction and remaining aberrations on
peripheral resolution acuity in the human eye

This paper is a study on correction of refractive errors as well as high-
order aberrations in the periphery using adaptive optics. It consti-
tutes the first full investigation of the correlation between the off-axis
retinal image quality and the peripheral resolution acuity. No statis-
tically significant improvements in resolution acuity were found for
the six healthy subjects when the aberrations were corrected.

Paper 6 Vision evaluation of eccentric refractive correction

This paper presents the effect of sphero-cylindrical correction on pe-
ripheral resolution and detection acuity for seven subjects with cen-
tral visual field loss. Five of the subjects showed improvements in
resolving small details with the proper refractive correction, whereas
no changes were found for healthy control subjects. The conclusion of
the study is that optical correction can improve the remaining vision
for people with central visual field loss.
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