CLINICAL

AND EXPERIMENTAL

OPTOMETRY

ORIGINAL PAPER

Monochromatic aberrations and
characteristics of retinal image quality

D Robert Iskander PhD

Michael J Collins PhD FAAO

Brett Davis BAppSc

Leo G Carney PhD FAAO

Contact Lens and Visual Optics
Laboratory, Centre for Eye Research,
School of Optometry, Queensland
University of Technology

Accepted for publication: 20 December
2000

Background: Patients use a wide variety of terms to describe the characteristics of
their vision. These descriptions encompass the effects of their eyes’ monochromatic
aberrations.

Methods: To illustrate the effect of monochromatic aberrations on the quality of the
retinal image, we mathematically reconstructed the image falling on the retina. This
has been achieved by combining the properties of various scenes with the optical
characteristics of the eye.

Results: The effects of some common monochromatic aberrations are illustrated. We
also show examples of the retinal image characteristics for two eyes, one with a decentred
corneal apex and a second with a decentred refractive surgery ablation.

Conclusions: The image reconstruction technique provides a powerful tool for investi-
gating the quality of the retinal image. It provides the capacity for clinicians to better
understand a patient’s visual performance. The image reconstruction technique can
also broaden our knowledge of the effects of various forms of aberrations on retinal
image quality for complex real-world scenes.

(Clin Exp Optom 2000; 83: 6: 315-322)
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When optometrists ask patients to describe
their vision, they are presented with a wide
array of responses that can include blurred,
doubled, ghosted, smeared, distorted,
washed-out and many variations on these
themes. Within these varied descriptions
of visual quality, lies significant information
about the optical defects of the eye.

The image characteristics associated with
the common refractive errors, such as
spherical defocus and astigmatism, are well
known. Defocus will cause the image to blur
in an even, symmetrical fashion, whereas
astigmatism will cause blurring primarily
along one meridian. Measurements of the
optical characteristics of the eye show that,

while defocus and astigmatism are the major
aberrations, there are also higher order
aberrations such as coma and spherical
aberration present in most eyes.! The
unique interaction between these higher
and lower order aberrations in an individual
eye gives rise to the distinctive nature of
individual reports of vision quality.
Real-world scenes are complex in terms
of their constituent spatial frequencies,
contrast and the orientation of spatial de-
tail. However, it is possible to break down
the complexity of any scene (object),
through traditional image processing
techniques such as Fourier analysis, into
its constituent spatial frequency and

contrast components. If the wavefront
aberrations and the properties of the pu-
pil are known, it is possible to mathemati-
cally simulate the retinal image of the eye
in question by combining the object
(scene) properties with the pupil function
of the eye (derived from the wavefront ab-
erration and amplitude pupil functions).

The optical properties of the eye can be
characterised by the wavefront error func-
tion, which can be described by a polyno-
mial series. The lower-order terms of this
polynomial represent aberrations such as
prism, defocus and astigmatism and are
typically corrected by conventional means
such as spectacles or contact lenses. The
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higher order terms such as primary coma
or primary spherical aberration are more
difficult to correct.

The wavefront aberrations of the eye can
be measured by a variety of techniques. The
most widely-used techniques that are
currently in use include the aberroscope,**
the Hartmann-Shack wavefront sensor,*®
psychophysical methods®” and double-pass
methods.®° There is growing interest in the
effects of these aberrations as attempts are
made to correct them for the purpose of
improving acuity and to allow better
observation of the retina.

The amplitude pupil function that is re-
quired to calculate the simulated retinal
image is represented by both the pupil
diameter and the transmittance of light
through the various regions of the pupil.
In 1933, Stiles and Crawford® established
in their seminal paper that light entering
the eye through the edge of the pupil is less
effective in eliciting a visual response than
light entering through the centre of the
pupil (the Stiles-Crawford effect). This ef-
fect has been shown to result predominantly
from the orientation of photoreceptors,
which align themselves with the centre of
the pupil.*® To simulate the optical conse-
quences of the directional nature of
photoreceptors, the Stiles-Crawford effect
can be represented as a filter in the plane
of the pupil, which is darker towards the
edge of the pupil and lighter towards the
centre (so called apodisation).

In this paper, we present a method for
reconstructing the retinal images based on
monochromatic aberrations of the eye and
pupil characteristics. We examine the ef-
fects of lower- and higher-order monochro-
matic aberrations on the qualities of the
retinal image, to provide optometrists with
a better understanding of the subjective
descriptions of vision that their patients
report. We also apply the method to the
aberration data from subjects with a range
of significant higher-order aberrations.

METHODS

Assumptions
The following analysis of the effects of
monochromatic aberrations on the qual-

ity of the retinal image is based on several
simplifications and assumptions. The
modelling of visual performance which we
have undertaken is based on monochro-
matic light (with A = 555 nm) and takes
no account of the contribution of the
chromatic aberrations of the eye. We have
omitted also the effects of light scatter
within the media and retina. The image
reconstruction only pertains to on-axis,
foveal visual performance without any
modelling of off-axis peripheral vision.

We have made the assumption that the
retinal light image is what the person ac-
tually sees. However, this obviously ignores
the role of neural processing in vision. For
most eyes there should be a close correla-
tion between the quality of the retinal im-
age and vision performance, but in cases
such as amblyopia, such an assumption is
not correct.

Image reconstruction algorithm
The relationship between the input ob-
ject, denoted in the Cartesian co-
ordinates as i (x,y), and the resulting out-
put retinal image, o(x.y), is given by the
convolution integral

o(xY)=M(x-1,, y-1,) i (xy)dr,dr, (1)

where h(x,y) denotes the point spread
function (PSF). Note that both the input
object and the PSF must have the same
physical dimensions. The Fourier (spatial
frequency) domain representation of the
above relationship is given by

O(u,u,) =H(u,u)l(u,u) (2)

where I(u,,u,), O(u,,u,), and H(u,,u,) are
two-dimensional Fourier transformations
of i(x,y), o(x,y), and h(x,y), respectively.
These transformations are with respect to
x and y. The Fourier representations
I(u,u,), O(u,u,), and H(u,,u,) are often
called object intensity spectrum, image in-
tensity spectrum, and optical transfer func-
tion (OTF), respectively. The co-ordinates
u, and u, denote the spatial frequencies in
the x and y direction, respectively.

To link the optical properties of the eye,
usually derived from the geometrical op-
tics and Fourier theory, the concept of the

so-called pupil function (PF) has been
introduced.’* The PF, which uniquely
characterises a linear optical system, has
an analytic form given by

P(xy) = Axy)exp{j2nW(x,y)}  (3)

where A(x,y) is the amplitude transmit-
tance pupil function (Stiles-Crawford
function), W(x,y) is the wavefront error
function, and j =V-1. The wavefront error
function is usually defined as the differ-
ence between the optical path lengths of
the ray under consideration and the chief
ray scaled by the inverse of the wave-
length.*?

The PSF in (1) is necessary for the reti-
nal image reconstruction and can be de-
rived from the PF, defined in (3), as

h(x.y)=CJJ P(xy")exp{-j2m(xx"+yy")}dx'dy O
(4)

where C is a normalisation factor that de-
pends on the optics of the system, the
wavelength and the radiant flux entering
the pupil. This normalisation constant is
omitted in our algorithm. We choose to
normalise the resulting output retinal im-
age to ensure that the image intensity
ranges from zero to 255 (a grey scale
image). The integral in (4) is essentially
a magnitude square of a two-dimensional
Fourier transformation of the PF with
respect to x' and y'.

The image reconstruction algorithm
can be summarised as follows. The pre-
liminary step involves the objective meas-
urement of the wavefront error function
and the pupil transmittance function. It
is important to note that such measure-
ments are valid only for a fixed accommo-
dation level **® Next, a PF is formed and a
two-dimensional Fourier transformation
is used to calculate the PSF. For compu-
ter implementation, it is preferred to re-
construct the retinal image in spatial fre-
quency domain using equation (2) and
then inverse Fourier transform it back into
space domain. These steps are evaluated
by means of the so-called fast Fourier
transform (FFT), the routines for which
are available in most programming and
simulation languages. It should be noted
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that the object image and the PSF must
have the same physical dimensions for the
reconstruction algorithm to provide a
meaningful result.

Modelling the pupil function
When accommodation is fixed, the
wavefront error function can be repre-
sented in terms of Seidel series expansion
or afinite series of Taylor or Zernike poly-
nomials.’**®> The latest representations
have become popular among vision re-
searchers. However, care should be taken
when comparing the results of different
authors because there are several differ-
ent classifications of Zernike polynomi-
als.®s

Mapping relationships exist between
the first 15 Taylor and the first 15 Zernike
coefficients® and an inverse relationship
can easily be derived. Also mapping is
available from Seidel to Zernike coeffi-
cients and vice versa.'®*'” Although, in
theory, all of these wavefront error expan-
sions are equivalent, the Zernike polyno-
mials seem to be the most suitable for ac-
curate estimation of the wavefront error,
due to their properties of orthogonality
(that is, each term of the polynomial is
independent of all other terms) and that
fitting can be performed using the
method of least squares that is linear in
parameters.®

The Zernike polynomials can be
described as a two-indexed function of
radial and azimuthal frequency as®®

"R (p) cosm@; for m =0
"R (p) sinm@; for m <0
()

Z7(p.6)= {hi.

where N = v2(n+1)/(1+4,,) is the nor-
malisation coefficient with g, being a
Kronecker delta function, R is a polyno-
mial function given by

o CR7 (1Y(ns)!
RY(O=2, GTos @m0 5e-m)<)t "

(6)

and (p,6) are polar co-ordinates. From (5)
and (6), it is clear that the index n de-
scribes the order of radial polynomial,
while the index m describes the azimuthal
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Figure 1. The original digital scenes used for evaluation of the algorithm for retinal image

reconstruction

frequency of the sinusoidal component.
To derive the complete PF, we also need
to model the second major variable, the
amplitude transmittance pupil function.
During accommodation, the pupil may
change its size, shape or location.*® For a
fixed accommodation level, the amplitude
transmittance function is typically chosen
to be modelled by a circular function or
by a Stiles-Crawford function,? such as,

A (X ,Y) = nmax 10[px(><~><m,)2+py(y»ym,)2] (7)
where n__ is the peak of sensitivity, p, and
p,are the shape factors, and (x _..y,.,)are
Cartesian co-ordinates of the peak. The
Stiles-Crawford function models the
directionality of photoreceptors in the
human eye. It can be measured by psycho-

physical or reflectometric methods.?*??

Test scenes used in the analysis

We have illustrated the effects of the lower-
and higher-order monochromatic aberra-
tions on the quality of the retinal image.
For this purpose, we have selected three
digital scenes shown in Figure 1. Each dig-
ital scene constitutes 256 by 256 pixels.
Square images were chosen to simplify the
computer implementation of the rou-
tines. A letter, a fan chart and a multiple
cross are popular clinical methods of as-
sessing vision. In those images, we have a
variety of spatial frequencies. Each image

was assumed to be 50 mm by 50 mm and
positioned six metres from the pupil plane.
This corresponds to about one degree of
visual angle.

It should be re-emphasised at this point
that the monochromatic aberrations be-
ing modelled in this paper are on the
visual axis and represent the aberrations
occurring at the fovea. All of the scenes
that we are depicting represent a visual
angle, which is normally greater than that
subtended by the fovea. The aberrations
in the periphery of the eye are generally
far greater than those on the visual axis
but we have not attempted to simulate
these peripheral aberration effects.

RESULTS

First, we show the effect of certain mono-
chromatic aberrations on the retinal im-
age quality. Each of these aberrations is
represented by a single term of a finite
Zernike series of radial order four. This
means that, in our analysis, we have 15 dif-
ferent Zernike terms, which could be in-
dexed from zero to 14. For the relation-
ship between single and double indexing
see the work of the VSIA.® Through the
paper, we have chosen a normative Stiles-
Crawford function from the data? as a
pupil transmittance function, unless
otherwise stated. All the analyses are
performed for a 6 mm pupil diameter
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unless otherwise specified and the wave-
length is set to 555 nm. The Zernike coef-
ficients representing the wavefront are in
units of wavelength. The refractive power
maps are calculated from the wavefront
assuming that the reference sphere is cen-
tred at the circle of least confusion. They
are derived by constructing a surface that,
when ray traced, would correspond to a
given wavefront.

The effect of lower-order
aberrations

In most classifications, the first six Zernike
terms are assigned as lower-order terms.
In our evaluation, we omit the first three.
The zero Zernike term, 25 (p,8), repre-
sents piston, which by itself does not have
any effect on the resulting retinal image.
However, in conjunction with other terms
the piston can be an important factor that
balances the wavefront error function.
The first and second Zernike terms,
Z7(p,0) and Z1(p,0), represent horizon-
tal and vertical prism, respectively. They
cause a phase shift of the PSF and a sub-
sequent shift of the retinal images. In prac-
tical terms, prism does not cause any loss
in modulation transfer function (MTF) or
vision in monocular conditions, as the eye
simply alters its angle of gaze to align the
point of interest in the scene with the
fovea.

The third and fifth Zernike terms,
Z#(p,0) and Z3(p,0), represent a 45- and
a zero-degree primary astigmatism, re-
spectively. It should be noted that the
well-known astigmatism defined by Seidel
corresponds not only to the third or fifth
Zernike term but also to the combination
of these terms with balancing defocus
(fourth term) and piston. The retinal im-
age affected by the balanced third Zernike
term shows smearing along 45 degrees, as
shown in Figure 2 together with the cor-
responding wavefront error function, the
PSF and the refractive power map. Simi-
larly, the retinal image affected by the
balanced fifth Zernike term shows smear-
ing along zero degrees. In real eyes, astig-
matism is usually described by a combi-
nation of the third and fifth Zernike terms
balanced by the defocus and piston terms.

The fourth Zernike term, Z2(p,9),

Figure 2. The effect of primary astigmatism on the retinal image. The top panel shows the
wavefront error, the PSF, and the refractive power map. The values of the Zernike coefficients
are chosen to be: 23 =0.125, Z$ = 0.07, Z;2=-0.1. This corresponds to Seidel astigmatism

of 0.5.

Figure 3. The effect of trifoil on the retinal image. The top panel shows the wavefront error
function, the PSF and the refractive power map. The value of the Zernike coefficient is chosen

to be: Z3=-0.25.

corresponds to defocus. It is a symmet-
ric term which causes blur in all direc-
tions. The effect of defocus on retinal
image is well reported and well under-
stood. However, it should be noted that
the classical Seidel defocus corresponds

to a combination of the fourth Zernike
term and a balancing piston term.

The effect of higher-order
aberrations
From the sixth Zernike term, we reach the
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Figure 4. The effect of primary horizontal coma on the retinal image. The top panel shows
the wavefront error function, the PSF and the refractive power map. The value of the Zernike

coefficient is chosen to be Z 3 = 0.25.

Figure 5. The effect of secondary astigmatism on the retinal image. The top panel shows the
wavefront error function, the PSF and the refractive power map. The value of the Zernike

coefficient is chosen to be: Z ?= -0.15.

higher-order aberrations, which cannot be
completely corrected with a traditional
sphero-cylinder lens.

The sixth and ninth Zernike terms,
Z3(p,0) and Z3(p,0), correspond to trifoil
(three nodes in the wavefront). Trifoil

represented by the ninth Zernike term is
rotated by 30 degrees with respect to the
sixth Zernike term. In Figure 3, we show
the effect of sixth Zernike term on retinal
image. Although the appearance of trifoil
on the retinal image can be mistaken for

defocus, the trifoil itself cannot be cor-
rected with a sphero-cylindrical lens.

The seventh and eighth Zernike terms,
Z23(p,0) and Z3 (p,0), represent vertical
and horizontal primary coma, respectively.
The well-known coma defined by Seidel
corresponds not only to the seventh or
eighth Zernike terms but also to the com-
bination of these terms with a prism term.
The resulting retinal images are smeared
along 90 to 270 degrees in the case of ver-
tical coma and along 0-180 degrees in the
case of horizontal coma. The sign of the
coefficient determines the direction of
smearing of the image. This leads to the
horizontal component of the MTF being
different from its vertical component. The
meridional variations of the MTF are com-
mon for all higher order Zernike terms
except the primary and higher-order
spherical aberrations.

For example, a positive horizontal coma
coefficient, as shown in Figure 4, smears
the detail to the right, whereas a negative
horizontal coma coefficient will smear the
detail to the left. Note the image shift to
the left clearly visible in the fan chart. That
is why the seventh and eighth Zernike
terms need to be balanced by a prism to
represent pure coma. The effect of the
seventh Zernike term is similar to the
eighth term but in the y-axis.

The 10th and 14th Zernike terms,
Z¥(p,0) and Z; (p,0), represent tetrafoil
(four nodes in the wavefront). The 14th
Zernike term is rotated by 22.5 degrees
with respect to the 10th Zernike term. The
effect of tetrafoil on the retinal image is
similar to trifoil. Again, as in the case of
the trifoil, tetrafoil cannot be corrected
with a spherical refractive correction.

The 11th and 13th Zernike terms,
Z7(p,0) and Z3(p,0), represent second-
ary astigmatism. The 13th Zernike term
is rotated by 45 degrees with respect to
the 11th Zernike term. In the case of sec-
ondary astigmatism the PSF has four dis-
tinctive peaks and this corresponds to mul-
tiple images (polyopia) in the resulting
retinal images as shown in Figure 5. The
secondary astigmatism may be partially
corrected with a cylinder lens.

The 12th Zernike coefficient, Z $(p,6),
represents primary spherical aberration.
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The effect of spherical aberration of the
retinal image produces a symmetrical blur
not unlike defocus. As in the case of astig-
matism and primary coma, the well-known
spherical aberration defined by Seidel cor-
responds not only to the 12th Zernike
term but also to the combination of this
term with balancing defocus and piston
terms. In Figure 6, we show the effect of
the 12th Zernike term on the retinal im-
age. Note the symmetrical phase revers-
als (that is, light and dark bars reverse
positions) in the centre of the fan chart
typical for this kind of aberration.

Reconstruction of the retinal
image for real eyes

To illustrate the effects of monochromatic
aberrations on quality of the retinal im-
age for real eyes, we have selected two sub-
jects: subject A who has a decentred cor-
neal apex and subject B who has
undergone a poorly centred refractive sur-
gery procedure.

We have chosen to illustrate the effects
of corneal aberrations because they are of
high amplitude for these subjects. This
can be achieved by measuring the ante-
rior surface of the cornea® and then de-
riving the optical aberrations using geo-
metrical and wave optics.*? In the past,
computer-based raytracing techniques
have been suggested for modelling visual
performance of the cornea. As noted by
Greivenkamp and associates, such tech-
niques were relatively simple to imple-
ment with commercially available software
that was primarily designed for ophthal-
mic lens analysis. Recently, Guirao and
Artal® have provided details on the meth-
ods, accuracy and limitations of deriving
wavefront aberrations from corneal topog-
raphy.

The corneal elevations for subjects A
and B were measured by a video-
keratoscope (Optikon Keratron). In Fig-
ure 7, we show the corneal axial power for
subjects A and B. In our analysis we con-
sider a 4 mm pupil diameter for subject A
and a 3 mm pupil for subject B. It is as-
sumed that the pupil is centred on the axis
of the videokeratoscope. As previously, we
consider first that the pupil transmittance
function is modelled by a normative Stiles-

Figure 6. The effect of primary spherical aberration on the retinal image. The top panel
shows the wavefront error function, the PSF and the refractive power map. The value of the

Zernike coefficient is chosen to be: Z § = 0.25.
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Figure 7. Corneal axial powers for subject A with decentred corneal apex (left) and subject B
with decentred laser in situ keratomileusis (right)

Crawford function. Due to high corneal
aberrations, we have assumed in the analy-
sis, images of 100 mm by 100 mm posi-
tioned six metres from the pupil plane.
Also, we have removed the effect of cor-
neal spherical aberration, Z ¢ = 0, assum-
ing that it would be predominantly cor-
rected by the natural spherical aberration
of the crystalline lens.

The topography of subject A (Figure 7,
left) shows a significant inferior
decentration of the corneal apex. While
this is similar to the topographic appear-
ance of keratoconus, the axial power

values are within normal limits (39 to 45
D), suggesting simple downward displace-
ment of the corneal apex. The optical
effect of this decentration is similar to ver-
tical coma. The wavefront, point spread
function and refractive power map in Fig-
ure 8 all show a coma-like asymmetry
along the vertical y -axis. The resulting reti-
nal images show a distinctive downward
smearing. This corresponds to high val-
ues of Z3(p,0) and Z7(p,6) in the Zernike
representation of the wavefront error.
The case of subject B presents a more
extreme example of higher order ocular
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Figure 8. The effect of the corneal aberrations on the retinal image for subject A. The top
panel shows the wavefront error function, the PSF and the refractive power map.
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Figure 9. The effect of the corneal aberrations on the retinal image for subject B. The top
panel shows the wavefront error function, the PSF and the refractive power map..

aberrations. The corneal topography of
subject B (Figure 7, right) shows a flatter
ablation zone, which is centred above and
to the side of the pupil and geometric cen-
tre of the cornea. In Figure 9, the
wavefront, point spread function and re-

fractive power maps illustrate a coma-like
asymmetry at an oblique axis. The result-
ing retinal images show a marked smear-
ing at an oblique angle down and to the
left and a significant contrast loss. The im-
ages demonstrate substantial blurring and

loss of resolution of vertical detail. This is
partly because of the increased magnitude
of aberrations in subject B compared with
subject A and partly because of the oblique
angle of the primary aberrations in sub-
ject B. This corresponds to high values of
Z7(p,0),Z5 (p,0) and Z:(p,6),Zi (p,0)in
the Zernike representation of the
wavefront error.

CONCLUSIONS

There have been previous studies that
relate ocular or corneal aberrations to
image quality.?*?° Artal*® performed image
reconstruction on a single image for a
number of emmetropic subjects and stud-
ied the effects of pupil size on retinal im-
age quality while Greivenkamp and asso-
ciates®* used an image reconstruction
algorithm to model visual acuity. Recently,
image reconstruction has been used to
simulate night vision in subjects after re-
fractive surgery.®

The image reconstruction technique
provides a powerful tool for investigating
the quality of the retinal image. As the
methods of measuring higher-order mono-
chromatic aberrations of the eye with
wavefront sensors become clinically viable,
it should be possible to conduct real-time
image reconstruction in the consulting
room. This will provide the capacity for cli-
nicians to better understand a patient’s
visual performance. The image reconstruc-
tion technique can broaden our knowledge
of the effects of various forms of aberrations
on retinal image quality for complex real-
world scenes.
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