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The human eye is an example of robust optical design
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In most eyes, in the fovea and at best focus, the resolution capabilities of the eye’s optics and the retinal mosaic are
remarkably well adapted. Although there is a large individual variability, the average magnitude of the high order aberrations
is similar in groups of eyes with different refractive errors. This is surprising because these eyes are comparatively different in
shape: Myopic eyes are longer whereas hyperopic eyes are shorter. In most young eyes, the amount of aberrations for the
isolated cornea is larger than for the complete eye, indicating that the internal ocular optics (mainly the crystalline lens) play a
significant role in compensating for the corneal aberrations, thereby producing an improved retinal image. In this paper, we
show that this compensation is larger in the less optically centered eyes that mostly correspond to hyperopic eyes. This
suggests a type of mechanism in the eye’s design that is the most likely responsible for this compensation. Spherical
aberration of the cornea is partially compensated by that of the lens in most eyes. Lateral coma is also compensated mainly in
hyperopic eyes. We found that the distribution of aberrations between the cornea and lens appears to allow the optical
properties of the eye to be relatively insensitive to variations arising from eye growth or exact centration and alignment of the
eye’s optics relative to the fovea. These results may suggest the presence of an auto-compensation mechanism that renders

the eye’s optics robust despite large variation in the ocular shape and geometry.
Keywords: optical aberrations, human eye, refraction, auto-calibration mechanism

The human eye, like any optical instrument, is affected
by aberrations that degrade the retinal image and ulti-
mately limit spatial vision. Each individual has a dis-
tinct aberration pattern (Artal & Navarro, 1994; Howland &
Howland, 1976; Liang and Williams, 1997), and the overall
amount can vary from eye to eye in normal eyes. However,
in a population, the average magnitude of aberrations in a
group of emmetropic eyes is similar to that found in
groups of mild to moderate myopes and hyperopes (Cheng,
Bradley, Hong, & Thibos, 2003). This is intriguing be-
cause the size and shape of the eye is very dependent on
the refractive state: Myopic eyes having characteristically
longer axial lengths than hyperopic ones (Grosvenor &
Goss, 1999). How the relatively simple, from an optical
point of view, ocular components, the cornea and crystal-
line lens, are formed to produce a similar optical resolution
in average at best focus, independently of the large struc-
tural ocular differences, is not well understood. In recent
years, the use of advanced optical technology (Fernandez,
Iglesias, & Artal, 2001; Hofer, Artal, Singer, Aragon,
& Williams, 2001) allowed researchers to study the
relative contribution of the ocular optical elements (Artal
& Guirao, 1998; Artal, Guirao, Berrio, & Williams, 2001;
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Kelly, Mihashi, & Howland, 2004). In most young eyes,
the magnitude of aberrations for both the cornea and
the lens are larger than for the complete eye, indicating a
significant role of the lens in compensating for the corneal
aberrations and thus producing improved retinal images.
However, in older subjects the opposite situation occurs:
The lens adds aberrations to the cornea yielding a com-
plete system with poorer optical quality (Artal, Berrio,
Guirao, & Piers, 2002). The changes in the shape and size
of the lens through life (Glasser & Campbell, 1998) may
explain the progressive lack of compensation occurring
in older eyes.

Either active or passive adaptive mechanisms could be
responsible for the aberration compensation in young eyes
(Kelly et al., 2004). We refer as active adaptation that oc-
curring during the individual life span and passive that
determined genetically through evolution. An active mech-
anism, for instance, the precise modification of lenticular
aberration to cancel those of the cornea, would require a
complicated process, even more sophisticated than the
one possibly involved in compensating defocus in the em-
metropization process occurring during development
(Schaeffel & Diether, 1999). A passive mechanism would
simply be determined by the average aberrations present
in both the cornea and the lens due to the evolutionary
process. An optimized eye’s design should be robust enough
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to provide acceptable quality for different geometry of eyes.
If that is the case, aberration compensation may depend on
the particular eye geometry, generally dependent on the
refractive error. In this context, we carried out an experi-
ment to measure the optical properties of eyes in subjects
with different refractive states.

We measured the optical properties of eyes in two groups
of subjects (myopes and hyperopes) covering a large range of
refractive states: from —9 to +8 D. In each eye, the wave
aberration of the complete eye, considered as one single
imaging system, was measured by using a Hartmann—Shack
wavefront sensor (Liang, Grimm, Goelz, & Bille, 1994).
This system, described elsewhere (Prieto, Vargas-Martin,
Goelz, & Artal, 2000), consists of a microlens array, con-
jugated with the eye’s pupil, and a camera placed at its focal
plane. If a plane wavefront reaches the microlenses
array, the camera records a perfectly regular mosaic of
spots. However, if a distorted (i.e., aberrated) wavefront
reaches the sensor, the pattern of spots is irregular. The
displacement of each spot is proportional to the derivative
of the wavefront over each microlens area. From the im-
ages of the spots, the ocular wave aberration is computed
and expressed as a Zernike polynomial expansion (Noll,
1976). The wave aberration of the cornea was computed
from elevation data obtained by a corneal topographer by
performing a ray tracing through the corneal surface.
Corneal elevations at a sample of points were obtained
with a Placido-based corneal topographer (Atlas, Carl
Zeiss-Meditec, Dublin, CA, USA). From the corneal ele-
vations, an analytical expression for the corneal surface
was obtained by fitting the sample data to a Zernike poly-
nomial representation and then fitted to a bi-cubic spline
function. An optical design software package (ZEMAX
Development Corp, San Diego, CA) was used to perform
ray tracing through this surface and calculate the aberra-
tions associated to the corneal surface. This is a slightly
modified procedure providing similar results as that pre-
viously described (Guirao & Artal, 2000).

The wavefront aberration of the crystalline lens was
estimated by direct subtraction of the corneal from the
ocular aberrations. By using an effective index of refraction
for the cornea, we partially include the contribution of the
posterior corneal surface within the corneal aberrations
(Guirao & Artal, 2000). Figure 1 shows a schematic rep-
resentation of the procedure. In a simple model, having the
two series of Zernike coefficients, both for the cornea (¢,y)
and the eye (c,m’), the aberrations of the lens are obtained
by direct subtraction of each pair of coefficients (cpp ).

It is assumed that the changes in the wave aberration are
small for different axial planes; that is, from the corneal
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Figure 1. Schematic diagram of the procedure to estimate the
aberrations of the lens from corneal and ocular measurements.

vertex to the pupil plane. To have a correct reference for
registration, the ocular and corneal aberration maps were
realigned to the geometrical center of the pupil. A detailed
discussion on the problems of combining corneal and
ocular aberrations is described elsewhere (Artal, 2004).

All the aberration analyses were completed for 6-mm
pupil diameter. In every eye, the location of the pupil
center with respect to the corneal apex is determined
from the corneal topography data. The distance from the
pupil center to the corneal apex (X,Y) provides information
on the eye’s geometry and is directly related to angle
kappa (k), which is formed between the pupillary axis and
the visual axis. The pupillary axis is the line from the
center of the entrance pupil that intersects perpendicularly
the cornea and the visual axis is the line that connects the
fixation point and the fovea in the retina through the eye’s
nodal points (Le Grand & El Hage, 1980). Figure 2 shows
schematically this situation. In shorter eyes with larger
angle kappa the displacement of the corneal reflex (X) is
usually also larger.

The complete set of measurements was performed in
73 eyes: 57 myopes with an average age of 29.7 years old
(SD 7.1 years) and 16 hyperopes with and average age
of 33 years old (SD 7.9 years). Both right (36) and left
(37) eyes were measured. The study followed the tenets
of the Declaration of Helsinki, and signed informed
consent was obtained from every subject after the nature
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Figure 2. Schematic diagram showing how the kappa angle (k) is
related with the measured displacement of the corneal reflex with
respect to the center of the entrance pupil (X).

and all possible consequences of the study had been
explained.

Figure 3 shows the magnitude of the aberrations,
expressed as the root mean square (RMS) in microns, for
the myopic (left) and hyperopic eyes (right). The average
amount of aberrations in the complete eye (black circles)
was found to be quite similar in both groups of eyes.
However, the aberrations of the cornea (red triangles) and
lens (green squares) were larger in the hyperopes than in
the myopes, and in both cases larger than the complete
eye. We calculated a parameter (compensation factor) to
describe the fraction of the corneal aberrations that
were compensated by the lens for a particular eye. This
parameter was given by (RMS qmea — RMSeye) / RMS, o
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Figure 3. RMS in microns of the average aberrations for the
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Figure 4. Compensation factor as a function of refractive error. The
number of eyes included in the four refractive groups were 21, 37,
7,and 9, respectively (from myopic to hyperopic). The average age
of the subjects in each group was 31.2, 28, 34.2, and 32.3 years
old, respectively.

Positives values indicate compensation; small values
around zero, a lack of compensation; and eventually
negative values would note an addition of aberrations by
the lens. Figure 4 presents this compensation factor av-
eraged for four groups of subjects with different range of
refractive errors, from high myopes (left) to hyperopes
(right). Except for the high myopes, all the subjects pre-
sented some degree of compensation, although it is larger
in the hyperopic eyes.

We further explored the behavior of specific aberration
terms in each group of eyes. The average value of spherical
aberration (Figure 5) was similar in both groups: it is
positive for the cornea, negative for the lens and slightly
positive for the complete eye. In most eyes, regardless of
refractive error, spherical aberration was well compensated.

Figure 6 show the magnitude (absolute value) of trefoil,
coma, and fourth-order aberration terms for the groups of
myopic (Figure 6a) and hyperopic (Figure 6b) eyes. For the
complete eye, these aberrations were found to be similar on
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lens (green squares), the eye (black circles), and the cornea
(red triangles) in the myopic and hyperopic groups. Error bars
indicate standard deviation for this and the following figures.

Figure 5. Average spherical aberration (SA) in microns for the
lens (green squares), the eye (black circles), and the cornea (red
triangles) in the myopic and hyperopic groups.
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Figure 7. (a) Lateral coma in microns for the cornea (red triangles)
0.0 and the lens (green squares) as a function of the value of pupil
trefoil coma 4th order decentration in the horizontal direction (X) in millimeters.

Figure 6. (a) Average magnitude of trefoil, coma, and fourth order
aberration terms for the lens (green squares), the eye (black
circles), and the cornea (red triangles) in the group of myopes.
(b) Average magnitude of trefoil, coma, and fourth order aberra-
tion terms for the lens (green squares), the eye (black circles),
and the cornea (red triangles) in the group of hyperopes.

average in both groups. However, in the hyperopes, coma
of both the cornea and the lens is nearly double that in the
myopic group, indicating a more significant compensation
of coma in hyperopes. In particular, lateral coma presents
the most remarkable compensation.

Figure 7a shows, for all studied eyes, the amount of
lateral coma for the cornea (red triangles) and the lens
(green squares) as a function of pupil decentration in the
horizontal direction (X). Those eyes with small values of
pupil decentration present smaller values of coma in both
the cornea and the lens. However, eyes with larger pupil
decentration have a higher coma in both the cornea and
the lens, although with opposite sign. This is the reason
that coma in the complete eye remains within a normal
range despite high values for both the cornea and the lens.
On the other hand, those eyes with larger pupil
decentration are usually shorter eyes, with a larger angle
kappa. These are the normal geometrical features of
hyperopic eyes (Le Grand & EI Hage, 1980). On the
contrary, smaller values of pupil decentration are
commonly found in longer eyes that correspond with
the myopic eyes. These eyes have lower values of coma
in both ocular components a smaller overall compensa-
tion. Figure 7b shows the refractive error as a function of
horizontal pupil decentration (X) for the same eyes as in
Figure 7a.

(b) Refractive error (in diopters) as a function of horizontal pupil
decentration (X) in millimeters. On the left, it is represented a
schematic representation of a hyperopic eye (shorter with larger
kappa angle) and a myopic eye (longer with a smaller k angle).

These results show how the components of the eye
behave as an auto-compensating design producing similar
overall optical quality in average for the different refrac-
tive groups, despite the large scale of possible structural
variations. This is a remarkable example of robust design
that supports a passive, simple geometrical model for the
mechanism of compensation of ocular aberrations. In most
subjects, both corneal and internal spherical aberrations are
similar in magnitude but opposite in sign. Large values of
corneal coma, caused by oblique incidence, occur in eyes
with larger kappa angle, usually the hyperopic shorter eyes.
The same condition, oblique incidence, generates coma
with the opposite sign in the crystalline lens. Figure 8a sche-
matically shows this situation in a model eye. Figure 8b
represents the lateral coma for both the cornea and the lens
as a function of the angle of incidence, calculated using
ZEMAX ray-tracing software. This prediction should be
compared with the actual measurements of coma of Figure 7a.
The difference between the experimental data and this
model can be understood as the contribution to coma due
to the intrinsic shape of cornea and lens and the linear
prediction by the model arises as a result of oblique in-
cidence. This fact concerning coma was also previously
suggested by Kelly et al. (2004). Their Figure 10 shows a
similar prediction for coma using two different schematic
eye models.
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Figure 8. (a) Schematic diagram of a model eye with oblique
incident (angle k). (b) Lateral coma in microns for the cornea
(red triangles) and the lens (green squares) as a function of the
incident angle (k), calculated in a model eye using a ray-tracing
program.

It is interesting to note that the eye is a robust system
simply to product a moderate image quality, but usually
adequate to match the retinal mosaic resolution. If a more
demanding image quality would be required, approaching
diffraction limit, the situation would be different.

To further emphasize these findings, Figure 9 shows
some examples of results in two typical eyes. Figure 9a
shows the wave aberration maps for the complete eye, the
cornea, and the lens in one eye with small « angle, (and
small X value), typically corresponding to a myopic eye.
Spherical aberration is positive for the cornea and negative
for the lens. The absolute magnitude is in general similar,
although the corneal spherical aberration is slightly larger.
Independent of refractive error, most young eyes displays
this type of behavior concerning spherical aberration of the
cornea and lens. This may be understood as a result of
evolution working toward corneal and lenticular shapes
that balance the spherical aberration of one another. Our
results confirm this scenario, similar to one previously
proposed (Kelly et al., 2004). As mentioned previously,
this situation changes during the process of normal aging
(Artal et al., 2002). The spherical aberration of the cornea
remains relatively stable (Guirao et al., 2000), but the lens
changes becoming more positive and thereby removing the
compensatory effect. The induced lateral coma of the
cornea and the lens is linearly dependent on the k angle,
but with opposite signs (Figure 8b).

Figure 9b shows wavefront aberration maps in an
example of a real hyperopic eye. The relative decentering
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Figure 9. (a) Wave aberration maps for the cornea, lens and
complete eye in a myopic eye with a small value of angle «.
(b) Wave aberration maps for the cornea, lens and complete eye
in a hyperopic eye with a large value of angle «.

of the pupil and the « angle are negative so that the lateral
coma induced in both the cornea and the lens have opposite
signs and approximately cancel each other out. It is im-
portant to note that this is a simplified model. The actual
situation is more complicated: Both the cornea and the lens
have per se some amounts of coma even for normally in-
cident light, and because of this the compensation is only
partial. In addition, the lens itself is tilted and decentered
inducing other higher order aberration beyond those de-
scribed herein. However, these two effects, compensation
of lateral coma and spherical aberration, are quite stable and
possibly the result of a robust design of the eye’s optics.

We explored the nature of the mechanism of the
compensation of the aberrations within the human eye by
analyzing eyes with different refractive errors. If defocus
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and astigmatism are excluded, eyes with very different
geometrical features have similar optical performance. This
is a remarkable example of an auto-compensating mecha-
nism for the optics of the eye. These results may indicate a
passive, geometry-driven mechanism for aberration com-
pensation in the normal young eye leading to a simple but at
the same time extremely robust layout of the optical com-
ponents in the eye. It must be pointed out that these results
are not completely excluding the option of some active pro-
cess (or visually guided) of compensation. It can be possible
that a combination of both processes actually occurs.
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