Image Quality of the Human Eye

s Susana Marcos, Ph.D.

m Factors Contributing to Retinal Image Degradation

The eye is an optical instrument that projects scenes of the visual
world onto the retina. It has been known for many years that the eye is far
from being a perfect optical system, in particular for large pupil diam-
eters. Refractive anomalies (defocus or astigmatism) occur frequently in
the eye. In Western countries, myopia affects approximately 30% of the
population, although its prevalence is much higher (> 80%) in certain
Asian societies." However, the eye suffers also from other optical imper-
fections (called high-order aberrations), which are not typically measured
in the clinic and cannot be corrected by conventional means. Like defo-
cus, optical aberrations blur the retinal image, reducing image contrast
and limiting the range of spatial frequencies available to further stages of
the visual processing. The contribution of aberrations to optical degrada-
tion is typically smaller than is that of defocus or astigmatism. The blur-
ring effect of aberrations becomes more noticeable for large pupils. For
small pupil sizes, diffraction effects, associated with limited aperture size,
predominate over the aberrations.

Along with diffraction and aberrations, scattering also contributes to
degradation of retinal image quality. Scattering occurs at the cornea® and
particularly in the lens.? Although typically scattering is small in normal,
young eyes, it is well known that it increases with age (due to changes in
the crystalline lens®) and after PRK refractive surgery.”

® Functions Describing the Optical and Retinal
Image Quality of the Human Eye

Optical systems are typically described by the modulation transfer
function.>” The MTF represents the decrease in sinusoidal grating con-
trast as a function of spatial frequency. The human eye is a low-pass filter

43



44 m \Marcos

(i.e., contrast losses increase with spatial frequency), and the MTF is gen-
erally different for different grating orientations. The constrast sentivity
function (CSF, the change of contrast perception as a function of spatial
frequency) is the psychophysical equivalent to the MTF. The MTF ac-
counts for the contrast degradation due only to the optics of the eye.
The point spread function (PSF) is also commonly used to describe
the performance of optical systems.>” It represents the intensity distribu-
tion of a point source as imaged through the optical system. The PSF for
diffraction-limited optical systems with a circular aperture is the airy disk.
Optical aberrations and scattering produce further spread of the image of
a point source. In the eye, small pupils (approximately 1 mm) produce
diffraction-limited PSFs. For larger pupils, aberrations tend to be the dom-
inant source of degradation.®” Figure 1 shows the PSF for three different
pupil sizes for an aberration-free (diffraction-limited) system and for an
eye with aberrations. The PSF and MTF are sometimes called image quality
functions, since they represent the quality of the images rendered by the
optical system. The most common image quality metric based in these
functions is the strehl ratio. The strehl ratio represents the maximum of
the PSF relative to the maximum of the diffraction-limited PSF for the

Diffraction-limited eye

Example of aberrated eye
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Figure 1. Point spread functions (i.e., the image of a point source on the retina), in a
theoretically perfect eye (upper row) and in an eye with aberrations (lower row), for three different
pupil diameters.
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same pupil size, or equivalently the volume of the MTF relative to the
volume under the diffraction-limited MTF for the same pupil size. A sys-
tem is typically considered diffraction-limited if the strehl ratio is higher
than 0.8 (Rayleigh criterium).

Optical designers often make use of geometrical optics to assess the
optical quality of an imaging system by computing the optical path of a set
of parallel rays entering the optical system. In a perfect optical system, rays
entering through different parts of the pupil hit the image plane (the
retina in the case of the eye) at the same location. Imperfections of the
optics cause departure of those rays from the ideal location. These angu-
lar deviations are called transverse aberrations.'° The most common rep-
resentation of the aberrations of the optical system is in terms of the wave
aberration, which is defined as the departure of the wave aberration from
its ideal wave form. The wavefront is normal to the trajectories of the rays.
This wavefront is a spherical wave for the perfect optical system and a
distorted wave for an aberrated system. The difference between the aber-
rated wavefront and the ideal spherical wavefront is called wave aberration.
The wave aberration is measured at the pupil plane and is represented as
a “topographical” map. For a perfect optical system, the wave aberration
is flat across the pupil. A typical way to describe the wave aberration is
in terms of a Zernike polynomial expansion.®'*™'* Zernike coefficients
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Figure 2. Mathematical relations between the wave aberration (as phase of the pupil function),
modulation transfer function, and point spread function.
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represent the weight of each simpler polynomial in the wave aberration.
The low-order terms correspond to conventional refractive errors: first-
order terms represent the prism, and second-order terms represent defo-
cus and astigmatism. High-order terms include other well-known mono-
chromatic aberrations (i.e., spherical aberration due to changes in focus
with pupil size or coma, a third-order, nonrotationally symmetrical aber-
ration). The root-mean-square (RMS) wavefront error can be estimated
from the wave aberration, and it is used as a global optical quality metric.
Mathematical computations allow direct estimation of the PSF and MTF

from the wave aberration,7 as depicted in Figure 2. The phase of the pupil
function is proportional to the wave aberration. The PSF is the squared
modulus of the Fourier transform of the pupil function, and the MTF is
the modulus of the inverse Fourier transform of the PSF. It should be
noted that, unlike the MTF estimated from double-pass measurements,
the MTF computed from the wave aberration does not contain the effects
of scattering. However, while the MTF is easily obtained from the wave
aberration (for any pupil size and, computationally, for every focus), the
wave aberration or even the PSF cannot be estimated directly from the
double-pass MTF estimates (unless complicated phase retrieval algorithms
are appliedlg).

m Measurement of Monochromatic Retinal Image
Quality with the Double-Pass Technique

Vision scientists have measured the ocular MTF for years. Early esti-
mates of the MTF were obtained by direct measurements of the CSF with
sinusoidal fringes presented on a CRT monitor and measurements of the
CSF using interference fringes projected directly on the retina, bypassing
the ocular optics."*'> The former includes the neural and the optical
degradation, while the latter includes only the neural degradation. The
MTF is then estimated as the ratio between conventional and the inter-
ferometrical CSF. This method provides accurate estimates of the MTF,
validated through other techniques, but was very time-consuming, par-
ticularly if a wide range of spatial frequencies and grating orientation were
tested.

The double-pass technique is an objective alternative for fast measure-
ments of the retinal image quality and of the MTF in particular.'®*’

Figure 3, upper raw shows the basic principle of the double-pass system. In
this technique, a laser point source is projected on the retina, and its
reflection off the retina is captured on a CCD camera placed at a conju-
gate plane. The aerial image captured by the CCD is the autocorrelation
of the PSF, and the MTF can be easily estimated from the aerial image.
This MTF incorporates the degradation imposed by monochromatic ab-
errations, diffraction, and scattering.
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Figure 3. Basic concept of the double-pass technique and different aberrometers. (A) In the double-pass
technique, a point source is projected onto the retina, and the image (after passing twice the ocular
media) of the point is collected one CCD camera. This aerial image contains twice the degradation by the
ocular optics, and it is the autocorrelation of the point spread function (PSF). The modulation transfer
Sfunction (MTF) can be directly computed from the aerial image. (B) Principle of the Shack-Hartmann
(SH) device. (C) Principle of two ingoing aberrometers (laser ray tracing [LRT] and spatially resolved
refractomeler [SRR]). In these two aberrometers, rays of light enter the eye through different parts of the
pupil. By the effect of aberrations, eccentric beams are deviated with respect the principal ray. In LRT,
the aerial images are captured onto a CCD camera, as a beam scans the pupil. In SRR, the subject
aligns the beam with respect to a centered reference by means of a joystick. In both B and C, the raw
data are the derivatives of the wave aberration.
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B Measurement of Monochromatic Retinal
Image Quality with Aberrometers

Most current aberrometers measure the transverse aberration as a
function of pupil position. The transverse aberrations are proportional to
the local derivative (slope) of the wave aberration; therefore, the wave
aberration can be easily retrieved from the transverse aberration. Trans-
verse aberration can be measured as the test beam goes into the eye
(ingoing aberrometry) or as the wavefront emerges from the eye (outgo-
ing aberrometry). Figure 3 shows the basic principles of these two types of
aberrometers. We describe briefly the aberrometers used in the experi-
mental studies shown in the next sections: the Shack-Hartmann (S-H)
wavefront sensor, which is an outgoing aberrometer, and two ingoing
aberrometers, the laser ray tracing (LRT) and spatially resolved refrac-
tometer (SRR).

In the SH*'**’ (see Fig 3, middle panel), a narrow beam from a point
light source is imaged by the eye onto the retina. The reflected wave
travels through a lenslet array that focuses multiple spots (one per lenslet)
onto a CCD camera. Each lenslet samples a small part of the wavefront
corresponding to a certain pupil location. For a perfect optical system, the
spots will be imaged at the focal point of each lenslet. The aberrations will
cause local tilts of the wavefront; therefore, the spots will be deviated from
the focal points. The transverse ray aberration associated with each lenslet
can be determined from the departure of the centroid of its correspond-
ing image with respect to the ideal position.

In the LRT***° (see Fig 3, lower panel), the pupil is sampled sequen-
tially as a laser beam is scanned across the dilated pupil and projects a spot
onto the retina. A CCD in a plane conjugate to the retina captures the
aerial images as a function of entry pupil. By the effect of aberrations, rays
entering the eye through eccentric locations are deviated from the central
ray. The local transverse aberration is measured as the angular distance
between the centroid of each of the aerial images and the centroid of the
image corresponding to a centered entry pupil. Again, the wave aberra-
tion is estimated from the set of local transverse aberrations.

The SRR**?7"? is also a sequential technique and also measures the
aberrations in the first pass. The principle is similar to that of the LRT.
Instead of capturing the image reflected by the retina onto a CCD camera,
the subject aligns a cross-hair target viewed through a centered pupil with
spots viewed through eccentric pupils.

These three techniques have been used extensively in the laboratory
to understand the optical properties of the normal eye, as well as in
clinical applications. For normal subjects, it has been demonstrated that
the three techniques provide similar results. Most recent imaging system
use infrared illumination, while for many applications, aberration data in
visible light are required. It has been shown experimentally that, in gen-
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eral, measurements in IR (780 nm) and in green light (543 nm) are
equivalentgo, provided that the ocular longitudinal chromatic aberration
(see next section) is taken into account. Also, the aberration data are
unaffected by the state of polarization of the test beam.?*!

The methods described measure the aberrations of the entire optical
system of the eye. Conventional corneal topography can be used to mea-
sure the aberrations of the cornea alone.***" By performing virtual ray
tracing on corneal elevation maps (obtained from placido disk corneal
topography), the transverse aberration of the anterior corneal surface can
be measured. From these data, the corneal wave aberration can be ob-
tained, as described.

m Polychromatic Retinal Image Quality

Both the double-pass and the aberrometry techniques described use
monochromatic illumination and, therefore, measure monochromatic
image quality. However, the visual world is polychromatic, and chromatic
aberrations play an important role in image quality. The two major chro-
matic aberrations are the longitudinal chromatic aberration (LCA), the
change of focus with wavelength, and the transverse chromatic aberration
(TCA), the change of angular deviations with wavelength, and both are a
major consequence of the wavelength dependence of the refractive index
of the ocular media.”® The LCA has been measured both through psy-
chophysical techniques (see, for example, reviews by Charman®’ and At-
chison and Smith®) or using double-pass techniques at different wave-
lengths.*”*” Most reports in the literature show little LCA variation across
individuals, although whether there are age-related changes seems to be
controversial.*'** We recently obtained LCA from aberration measure-
ments (defocus term in the Zernike polynomial expansion) using the SRR
at various wavelengths in the visible. Thibos and coworkers** proposed an
equation, based on Cornu’s expression for the dependence of the refrac-
tive index with wavelength, that fitted the experimental data. The average
chromatic difference of focus between the blue (450 nm) and the red
(650 nm) is 1.4 D. While the LCA of the human eye has been well studied,
there are few reports for the TCA. Thibos and associates®® and Simonet
and Campbell®™ used a psychophysical vernier acuity technique to mea-
sure foveal transverse chromatic aberration. Typically, the TCA is not 0 at
the pupil center. Foveal TCA reaches a minimum at a particular pupil
position, known as visual axis. TCA is generally attributed to the fact that
the eye is not a centered optical system (the fovea does not lie on the
optical axis) and to pupil decentrations.**** Marcos and colleagues*” used
the SRR to measure TCA (angular deviations between blue and red test
spots) and studied the influence of the aberrations and cone directionality
on TCA. They concluded that TCA varied significantly across the popu-
lation. However, this variability was not related to the variability in the
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foveal location or pupil centration but rather may be associated with
irregularities in the ocular components.*®
Measurements with the SRR at different wavelengths allowed estima-
tions of high-order monochromatic aberrations with various wavelengths,
as well as the chromatic aberrations.*” These data were used to generate
the polychromatic PSF and MTF. PSFs for each wavelength were com-
puted (as described previously). The individual PSFs were added, with
appropriate interpolation, and the shift was predicted by the TCA and was
weighted by the spectral sensitivity curve. MTFs were computed from the
PSF. As shown in Figure 4 for a single subject, the white-light MTF is
significantly lower than the monochromatic MTF. It should be noted that
a perfect optical system, subject to LCA and TCA, shows a relatively larger
contrast degradation by the effect of chromatic aberrations than does an
aberrated optical system. A similar approach was applied to the estimation
of the MTF available for each cone class. McLellan and coworkers*’
showed that for a perfect optical eye, the MTF for S-cones in largely
degraded by chromatic defocus, compared to the MTF for M- and L-
cones. However, for real eyes, while the MTF for M- and L-cones is re-
duced as compared to the perfect optical system, the MTF for S-cones is
not significantly reduced (with respect to the M- and L-MTF). This fact
indicates a certain degree of balance of optical (monochromatic and
polychromatic) aberrations in the eye.

m Role of the Pupil in Retinal Image Quality

Pupil size determines the relative contribution of diffraction and ab-
errations to image quality. For small pupils, optical quality is dominated by

Monochromatic i Polychromatic

Figure 4. Monochromatic and polychromatic
point spread functions (PSFs) for a normal,
middle-aged patient and the corresponding
modulation-transfer functions (MTFs) (radial
profiles). Wave aberrations were measured at
different wavelengths (450-650 nm) using the
spatially resolved refractomeler technique.
: Longitudinal chromatic aberrations (LCA) and
R TR polychromatic transverse chromatic aberration (TCA) were
0.1¢ i obtained from the same set of data. PSFs and
E o MTFs were computed as indicated in Figure 2.
! o Polychromatic PSFs were generated by
0.0%F '- superposition of monochromatic PSF, weighted by
E T, the retinal spectral sensitivity. Best focus was set
T at 570 nm, the rest of wavelengths being
defocused according to the LCA. Each
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diffraction, and aberrations have little effect, but the spatial resolution is
low. For aberrated eyes and dilated pupils, the effect of diffraction is small
as compared to the contribution of optical aberrations. See Figure 1 to see
the differences in the PSF for a perfect system (only limited by diffraction)
and a real eye with aberrations. The optimal pupil diameter (i.e., provid-
ing best resolution) depends on the actual amount and distribution of
aberrations as well as on the wavelength but, in a typical eye, is around 3
mm.® If there were no aberrations (or they could be corrected), the
highest resolution would be achieved for the largest pupil diameter.

Double-pass MTF or ocular wave aberration measurements can be
made with respect to different reference axes. Possible axes include the
foveal achromatic axis (also known as visual axis), the keratometric axis, or
the line of sight. The estimated aberrations will depend on the reference
axis, and the computed MTF or PSF will also be different, depending on
where the entrance pupil is centered.”””' Double-pass measurements
showed a sharp decline in image quality when a small artificial pupil was
moved from the center to the edge of the natural pupil.”® The Optical
Society of America Standards Committee recommended the use of the
line of sight (axis joining the fovea with the natural pupil center) as the
reference axis for aberration measurements in the eye.””

The depth of field of the eye is partly determined by the pupil size.
However, while for the diffraction-limited optical system the depth of field
decreases systematically with increasing pupil diameters, the presence of
aberrations tends to equalize the depth of field to approximately 0.3 D
(using the maximum intensity of the double-pass aerial image as the
retinal image quality metric) beyond 4 mm."?

Although it is generally assumed that the effective pupil is the natural
(circular) pupil of the eye, this is not strictly true. Light efficiency is not
uniform across the pupil, as a consequence of the directional properties
of the photoreceptors (which absorb light more efficiently when they are
illuminated along their axes). This effect is known as the Stiles-Crawford
effect,”*>° which results in a gaussian effective pupil. The Stiles-Crawford
effect was typically measured through psychophysical techniques, al-
though much faster, reflectometric techniques have been developed re-
cently.””~%° The peak of the Stiles-Crawford function is not necessarily the
pupil center, since cones are pointing toward eccentric pupil locations in
a significant amount of subjects.®’*** The SC peak is typically mirror-
symmetrical between right and left eyes of the same individual. In general,
the Stiles-Crawford effect diminishes the impact of aberrations (and there-

5| fore improves image quality), particularly for large pupils.®*** Figure 5
shows computations of the MTF for one subject, without (constant pupil
transmission) and with (gaussian pupil transmission) the Stiles-Crawford
effect. It should be noted that for this particular subject, the Stiles-
Crawford peak was —1.62 mm inferior and +0.23 mm temporal. Atchison
and associates®® showed that visual acuity decreased when the Stiles-
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Crawford effect was cancelled with special filters and increased when the
effect was artificially doubled, particularly for out-offocus conditions.
Also, when the Stiles-Crawford peak was artificially moved, visual acuity
changed (typically decreased for symmetrical pupil locations from the real
peak.)66

Retinal Image Quality in the Normal Human Eye

Variation Across Individuals Retinal image quality varies greatly
among the population. Several population studies show a wide distribu-
tion of the aberrations in human eyes,®”~*? typically all high-order terms
averaging to 0, except for the spherical aberration that tends to be slightly
positive. This variation in high-order aberrations parallels well-known

variation in refractive errors. Figure 6 shows examples of the wave aber-
rations and the corresponding PSFs (computed as indicated in Fig 2) of a
group of normal, young patients. Aberrations tend to be mirror-
symmetrical between left and right eyes,® although similarly to those with
anisometropia, patients with very different left-to-right wave aberration
patterns are not uncommon.®’

Sources of Aberrations in the Eye The cornea and the crystalline
lens are the major refractive components in the eye, and aberrations of
the individual components are expected to contribute to overall image
quality. It has been shown that at least for young eyes, a proportion of the
corneal aberrations are compensated by aberrations of the crystalline lens.
A partial compensation of corneal astigmatism by the crystalline lens was
well known in the clinical optometry literature (Java’s rule).”® Also, the
fact that the spherical aberration of the cornea is typically positive, while
the spherical aberration of the crystalline lens tends to be negative, has
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Figure 6. Examples of wave aberrations and corresponding point spread functions for a group of
normal young patients (aged 23-29; spherical ervor, from —2.5 to =8 D). Pupil diameter, 6.5 mm.
Contour line spacing; 0.5 um. (Wave aberration data from Marcos et al.’”®)

been known for several yfi:ars.71 Interestingly, a partial compensation of
asymmetrical aberrations, such as coma, also seems to occur, at least in
young, low myopic eyes.” Several models have been attempted to explain
the interactions of corneal and internal aberrations. However, simple tilts
and decentrations of the ocular components are not sufficient to explain
the complex structure of the total wave aberration pattern.

Changes with Accommodation The fact that the retinal image qual-
ity changes with accommodation has been shown in double-pass’® or ab-
errometry studies.”*”> He and coworkers’® reported aberration measures
in a group of eyes for accommodation stimuli ranging from 0 D (infinity)
to 6 D, using the SRR. As reported earlier in the literature, the lag of
accommodation increases with accommodation demand.”® As shown in

Figure 7A, optimal optical quality (excluding defocus and astigmatism)
was attained for approximately 2 D, while the RMS increased by approxi-
mately 1 pm on average for 6 D of accommodation. The most systematic
changes were found for the spherical aberration term (decreasing in all
subjects and going from positive to negative in several subjects) and the
higher-order aberrations. These changes are likely related to changes in



54 m Marcos

3

=

T 20— T . : - 2 <

2 n=8 1.5} n=40 . .

2 1.5} ¢

= 1.0 e

€ 10} 1 g e | -
L]

[ o [ . L4

g o5h 0.5} . . i

<) * * 0 _

s 12031 p=0.054 r=0.42 p=0.0014 -

™ 00 L 1 1 1 0_0 1 1 1 1

n 0 2 4 & 20 30 40 50 60 70 O 4 8 12

E Accommodative stimulus (D) Age (years) Myopic refractive error (D)

A B C

Figure 7.  Root-mean-square (RMS) wavefront error for third- and higher-order aberrations. (A)
As a function of accommodation (Data from He et al.””). (B) As a function of age (Data from
MecLellan et al.?). (C) As a function of refractive error (Data from Marcos el al.”?).

the shape of the crystalline lens during the accommodation process.”””®

Hofer and colleagues’® measured dynamic changes of high-order aberra-
tions during the accommodation process (0-2 D), and found temporal
changes even when the accommodation was paralyzed by topical drugs.

Changes with Age Double pass MTFs show a decline of contrast
transfer at all spatial frequencies between young and old patient. Part of
the degradation is likely due to an increase of intraocular scattering with
age.®" However, aberration measurements have revealed that part of the
decrease in retinal image quality with age is due to an increase in ocular
aberrations.**®® McLellan and associates®® showed (in a group of 38 pa-
tients ranging in age from 23 to 65 years) that third- and higher-order
aberrations increase with age (0.7-1 pm, for a 7.3-mm pupil, on average).
Results from this study are shown in Figure 6B. While no significant
changes were found for third-order terms, the correlation of spherical
aberration and fifth- and higher-order terms with age was highly statisti-
cally significant. Measuring corneal and total aberrations in a group of 17
patients (aged 20-70 years), Artal and colleagues’® showed that part of the
increase of optical aberrations with age was due to disruption of the
compensation of corneal and internal aberrations, which was common in
young patients.** This is not surprising for spherical aberration, since ex
vivo measurements have shown that the spherical aberration of the crys-
talline lens shifted toward positive values with age.®” The reasons why this
also happens for asymmetrical terms is still to be understood.

Changes with Eccentricity Monochromatic image quality as a func-
tion of the visual angle has also been studied both through double-pass
techniques®*®” and aberrometry.***® Double-pass studies showed a de-
cline in retinal image quality with eccentricity.®” The largest degradation
was found for visual angles beyond 20 degrees. In the central 20-degree
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field, Strehl ratio drops only from approximately 0.14 to 0.9 (average of 4
patients), suggesting that the eye follows a wide-angle lens design (non-
optimal quality on axis—on the line of sight—but constant image quality
over a wide visual field). Astigmatism and coma increase with retinal
eccentricity. Once peripheral and astigmatic defocus are corrected,
higher-order aberrations do not increase dramatically off axis. Navarro
and coworkers® reported average increases in third and higher-order
RMS (for a 6.5-mm pupil) from 0.45 pm at the fovea to 1.1 pm at 40
degrees.

Relationship with Refractive Error Several cross-sectional studies
have measured high-order aberrations as a function of myopic refractive
error, all showing a tendency of poorer optical quality in the higher
myopes.”’ Marcos and colleagues®'”? reported results on 53 eyes (see Fig.
6C), showing a statistically significant increase of third- and higher-order
RMS with myopia (from 0.3 pm for —0.25 D to 1 pm for 12 D, on average,
for a 6.5-mm pupil). Corneal and internal aberrations also increased with
myopia but at lower rates. Total spherical aberration did not change
significantly with myopia. Corneal spherical aberrations increased toward
more positive values for increasing myopia (associated with an increase in
corneal asphericity) but tended to be compensated by the internal spheri-
cal aberration, which increased toward more negative values for increas-
ing myopia. The major causes of increasing optical degradation with myo-
pia were increased coma and higher-order aberrations.

Retinal Image Quality in the Pathological and
Surgical Eye

The previous sections refer to retinal image quality in normal eyes.
The techniques to measure retinal image quality and aberrations de-
scribed have been applied clinically. They have proved to be valuable
diagnostic and evaluation tools.

Optical Aberrations in Keratoconus Progressive distortion of the
cornea in keratoconus leads to abnormal corneal topography and de-
creased visual performance in keratoconus patients. At least in early and
moderate stages of the disease, most changes occur on the anterior cor-
neal surface (i.e., the total aberration pattern is practically identical to the
corneal aberration pattern; further changes in the posterior corneal sur-
face may occur in the most advanced stages).”” Astigmatism is typically
high in these patients. Additionally, coma (normally in the vertical direc-
tion) is much higher than in normal patients®>”* (3.7 times on average, in
a study by Barbero and coworkers.*

Change of Optical Aberrations After Refractive Surgery Corneal
refractive surgery has become a popular alternative for correction of re-



56 ®m Marcos

fractive errors. Early studies based on corneal topography showed that
while defocus or astigmatism is generally successfully corrected, refractive
surgery (RK, PRK and LASIK) increased the amount of corneal aberra-
tions.””® In addition, the distribution of aberrations changed from the
third-order dominance found in normal patients to fourth-order domi-
nance. This increase in corneal aberrations correlates well with the de-
crease found in contrast sensitivity.** Seiler and coworkers,?” in standard
myopic PRK (15 eyes; mean preoperative spherical error, 4.8 D), and
Moreno-Barriuso and associates,”® for LASIK (22 eyes; mean preoperative
spherical error, 6.5 D), measured for the first time the changes in the total
aberration pattern induced by surgery. Both studies found a significant
increase in third- and higher-order aberrations (by factors of 4.2 and 1.9
in the RMS, respectively). The larger increase occurred for spherical and
third-order aberrations. Total, corneal, and internal (average across 14
eyes before and after surgery) from a study by Marcos and colleagues”®
are shown in Fig 7A). Marcos and coworkers? found that the decrease in
the MTF computed from wave aberrations agreed with the decrease in
contrast sensitivity measured psychophysically in those subjects. The
changes of total spherical aberrations are not fully accounted by changes
in the anterior corneal surface.'® In all eyes, total spherical aberration
increased slightly less than did corneal aberrations, likely due to signifi-
cant changes in the posterior corneal shape (shifting toward more nega-
tive values of spherical aberration). The increase in the total spherical
aberration is highly correlated to the amount of spherical error corrected,
and it is associated with an increase in corneal asphericity. However, the
causes of the increased asphericity are still not well understood.'”" Re-
finement of ablation algorithms and a better understanding of the corneal
biomechanical changes are needed to avoid induction of high-order ab-
errations.

Retinal Image Quality and Cataract Surgery In virtually all cataract
procedures, the natural crystalline lens is replaced by artificial intraocular
lenses (IOLs). IOL manufacturers typically assess the optical quality of
these lenses by measuring the MTF and the resolution in vitro.'%® The first
measurements of the optical quality of patients with implanted IOLs were
done using a double-pass technique.'’*'** Postsurgical MTFs were lower
than the MTFs of young eyes, and optical performance was worse with
multifocal than with monofocal lenses. Recently, the aberrations of the
IOL have been measured for the first time in vivo.'”” Corneal and total
aberrations were measured using a videokeratoscope and LRT, respec-
tively. The aberrations of the IOL were estimated as the total minus cor-

neal aberrations. Figure 8B shows total, corneal, and internal aberrations
in patients before and after cataract surgery (from a study by Barbero and
colleagues'?®). While scattering is removed with the extraction of the
cataract and replacement by an IOL, aberrations are not reduced.



Image Quality of the Eye ®m 57

(é‘.hauges with LASIK Befractive Surecry
5 o

EZiPre T 1 Post
. A
E 15
2
5
= 05
D
=2
o Totul Curneal [ Figure 8. Root—meaﬁ—squam (RMS)
-En wavefront error for third- and
= Changes with Clataract Surgery highm"—ordm'" aberrations for corneal,
- 25 B P v total, and internal aberrations. (A) In
o EilPre — Pozt HE ang B the same group of patients (n = 14)
:ﬂ = before and after LASIK refractive
15 surgery for myopia, f%oa 6.5-mm pupil
(From Marcos et. al.””") (B) In a
1 group of patients before cataract
surgery (n = 6), after cataract surgery
0.5 by phacomulsification and acrylic IOL
" implant (n = 9), and a group of

young emmetropic eyes (n = 14) (From
Total Carneal Tinlernal Barbero et al.'®)

Corneal aberrations tend to increase with surgery, probably due to the
incision. Pre— and post—cataract surgery aberrations are significantly
larger than in a young control group. Measurements in vitro showed that
the IOL is not aberration-free. The amount of aberrations (particularly
astigmatism and third-order) increase after implantation, likely due to tilt
and decentration of the lens. Similarly to what Artal and coworkers”
reported for old eyes, postsurgical eyes do not show a good balance of
corneal and internal (IOL) aberrations. This is particularly due to the fact
that the spherical aberration of the IOL tends to be positive. Further
improvements of the surgical procedures and a lens design aiming at
canceling the spherical aberration of the cornea may result in better
optical outcomes of cataract surgery.

This study was supported by grant CAM 08.7/0010./2000 from Comunidad Autonoma de
Madrid.
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