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The human eye is a simple, but extremely robust, optical instrument. Analysis by sophisticated
wavefront-sensing technology and customized ray-tracing has now revealed that the eye is
actually an aplanatic design, with the cornea and lens compensating each other’s aberrations.

T

he optics of the human eye
impose the first physical limit
to vision when projecting the
images of the world onto the
retina. However, the human
eye is a relatively simple optical device
with only two elements: the cornea and
the crystalline lens. Until recently, we
did not have a complete understanding
of its optical properties and imaging
performance. The development of an
accurate description of the eye’s optics
is not only vital because it provides an
understanding of the most important
optical system for humans; it also supports
the optimization of the design of contact
lenses, refractive surgery procedures and
artificial intraocular lenses, for example.
High-resolution retinal imaging based on
adaptive optics1,2 can also greatly benefit
from a better description of the optics of
the eye.
In the past decade, the application of
new wavefront-sensing technology3 has
been instrumental in studying the eye.
One of the most significant advancements
has been the recognition that in the
normal young eye, the optical properties
of the eye’s cornea and lens are tuned
so that they compensate each other and
thus produce an improved overall image
quality with minimal optical aberration. In
particular, it has been found that spherical
aberration and comatic aberration
(distorted imaging of off-axis objects, often
known as coma) in the cornea tend to be
balanced (compensated) by the crystalline
lens4–7. Normal ageing disrupts this
balance8, mainly because of a change in
lens spherical aberration from negative to
positive values9, whereas corneal spherical
aberration remains approximately stable
with age10. This knowledge of the eye’s
spherical aberration and coma has
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Figure 1 Modelling the eye. a, Schematic diagram of the human eye. The angle κ (also called λ) is shown as
the angular distance between the fixation axis (principal line of sight) and the pupillary axis. An example of the
wave-aberration function over the pupil is shown. When this wavefront is propagated, the ocular media forms an
image over the fovea (the point of maximum resolution over the retina), called the point-spread function (PSF). Rcor is
the centre of curvature of the cornea. b, Modelling the optical properties of the eye is possible after collecting all the
experimental optical data: corneal surface topography, axial measurements, alignment and some structural data for
the lens. It is then possible to predict the aberrations for each personalized model by ray tracing.
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had important practical implications,
including the design of various new
types of intraocular lens (IOL) with
aberration correction11,12.
Recently, customized optical
modelling13,14 (where the aberrations
of each eye can be predicted and
then compared with actual data) has
made great progress in explaining the
optical mechanisms responsible for
the compensation of aberrations within
the eye15. By fine-tuning the predicted and
the experimental results, it has become
clear that the eye resembles an aplanatic
optical design. This is a popular design
in many man-made imaging systems,
where good image quality is achieved by
controlling and minimizing an optical
system’s spherical aberration and coma
(often by using a series of complementary,
specially shaped lenses). However,
it is remarkable to think that what is
considered the foundation of optical
instrument design16 is naturally occurring
within the living human eye.
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MEASURING THE EYE’S OPTICS

The imaging properties of the eye, in
particular its aberrations, are produced
by the shape of ocular surfaces, their
location, relative alignment and the
distribution of refractive indices. The two
most commonly used functions to describe
the eye’s optical performance are the wave
aberration and the point-spread function.
The point-spread function represents the
image formed on the retina in response
to a point source of light. The wave
aberration is defined as the difference
between the perfect (spherical) and real
wavefronts for every point over the eye’s
pupil. It is typically represented as a twodimensional map, where each colour level
represents the amount of wave aberration,
expressed in micrometres. The wave
aberration can be decomposed through
polynomials in a sum of pure aberration
terms. The lower-degree terms correspond
to the well-known optical aberrations:
defocus and astigmatism.The following
terms are the higher-order aberrations:
coma, spherical aberration and trefoil.
A convenient way of decomposing the
wave aberration is to use the Zernike
polynomial expansion17. Figure 1a shows
schematically the two main optical
components of the eye (cornea and lens)
and an example of the wave aberration
over the pupil and the retinal pointspread function. The eye is actually a
non-centred optical system (see relevant
axes in Fig. 1a), mainly because the fovea
(the area on the retina with the highest
density of photoreceptors and thus the

Figure 2 Average aberration maps for myopic and hyperopic groups, for each ocular component: cornea, internal
lens and total eye. All data were obtained for a pupil of diameter 5 mm. The scale of the aberration maps is the
same for all maps: from −0.5 µm to 0.5 µm.

best visual resolution) is decentred. The
angle κ (also known as λ) is the angular
distance between the line of sight and the
pupillary axis.
The wave aberration of the complete
eye can be measured using a variety
of different subjective and objective
techniques: ‘vernier’ alignment18,
the crossed cylinder aberroscope19,
calculations20 from double-pass retinal
images21, and probably the most widely
used method today, the Hartmann–Shack
wavefront sensor22,23. The Hartmann–Shack
wavefront sensor commonly consists of
an array of microlenses, conjugated with
the eye’s pupil, and a camera placed at its
focal plane. An infrared beam is projected
onto the retina to produce a beacon
image. Part of the light reflected in the
retina leaves the eye and is captured by
the sensor. If a perfect plane wavefront
reaches the microlens array, the camera
records a perfectly regular array of spots.
However, if an aberrated wavefront
reaches the sensor, the pattern of spots is
irregular. The displacement of each spot
from its ideal position is proportional to
the derivative (gradient) of the wavefront

over each microlens area. From the images
of the spots, the ocular wave aberration
is computed and expressed typically as a
Zernike polynomial expansion.
The aberrations associated with
the anterior surface of the cornea
can be computed from its shape after
measurement with corneal topography
instruments. Once the cornea surface
is determined, ray-tracing techniques
through the corneal surface provide the
associated aberrations24.
It is also important to obtain the
geometrical data of the eye’s optical
components. The location of the lens
and the retina can be measured by using
ultrasound techniques. In addition,
recent optical techniques based on lowcoherence interferometry25 provide more
accurate data. The anterior chamber
of the eye can also be imaged by using
both Scheimpflug photography26 and
optical coherence tomography27. In
general, these techniques have a limited
spatial resolution, and tomographic data
cannot be used directly to compute the
wave aberrations of each component.
Another approach is to measure
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larger in eyes with larger angles, typically
hyperopic (far-sighted) eyes. Figure 2
shows examples of the average aberration
maps for the cornea, lens and eye in a
myopic (short-sighted) and hyperopic
group of eyes. The compensation effects
on spherical aberration and coma can
be seen.
The aPLANATIC DESIGN OF THE EYE

Figure 3 Three eye models with different shapes for the crystalline lens. a, The most realistic shape. b,c, Models
that maintain the same optical power of the eye with non-physiological but optically possible shapes. The
aberrations with the hypothetical shapes (b, c) are larger than with the realistic model. This can be observed from
the interception plots of the rays with the retina shown below the models.

lens curvature, tilt and decentration
by recording Purkinje images (images
produced by reflection in the cornea and
the lens). Different instruments based
on this principle have been developed
in recent years28–30. In addition to in vivo
measurements, the crystalline lens has
been extensively studied in vitro and
information on the shape of surfaces and
the distribution of the lens refractive
index has been obtained31.
MODELLING THE EYE’S OPTICS

Simple schematic models for the eye have
been used for more than a century32.
However, these types of simplified
representation were developed with
average data and had very limited
potential for predicting the actual image
properties of real eyes. Even when
additional features were incorporated
into the models33, for instance aspheric
surfaces or the gradient index of the
lens, the performance of real eyes
considerably differs from the predictions
of schematic models.
A more powerful approach to
understanding the eye’s optics and to
predicting with reasonable accuracy
the aberration of a particular eye is
the construction of individual (or
customized) modelling. It is now possible
to use experimental data (corneal
shape, eye geometrical distances,
surface alignments) to create individual,
customized eye models. Predicted
wavefront aberrations are then obtained
by tracing finite rays for different model
configurations using commercial raytracing software, such as ZEMAX or
OSLO. The predictions of aberrations can
then be compared with those measured
in the same eye by the Hartmann–Shack
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wavefront sensor. Figure 1b shows
a schematic representation of a
personalized model.
ABERRATIONS IN NORMAL EYES

The magnitude of higher-order
aberrations in normal subjects
represents just a small fraction of the
total aberrations of the eye. Lowerorder aberrations — defocus and
astigmatism — are responsible for most
of the degradation in a retinal image.
That said, it is still useful to understand
and measure the effect of higher-order
aberrations. Several research groups have
studied the statistical distribution of
higher-order aberrations34,35. In general, a
large variability occurs between subjects.
It is interesting that the structure of
aberrations between left and right eyes
has mirror symmetry, with most of the
Zernike modes in one eye significantly
correlated with their counterparts in the
opposite eye.
The cornea represents two-thirds of
the optical refractive power of the eye. It
is the main refracting component of the
eye and a major contributor to the total
aberrations. Initial studies of corneal
optics considered spherical aberration
as its main higher-order aberration36.
However, recent studies have shown
how the magnitude of corneal coma can
be as large as its spherical aberration10.
This opened discussion about the role of
the optical properties of the crystalline
lens, because some of the aberrations in
the cornea were not present in the total
eye. This led to the conclusion that the
optical aberrations of the lens must have,
at some level, a compensatory effect
on the corneal aberrations. It was also
demonstrated that this compensation was

An aplanatic optical system is a lens
configuration forming images with
minimal spherical aberration and offaxis coma. It is a well-known solution
that is often used by optical designers.
Using the lens shapes and other optical
variables, it is possible to calculate all the
aplanatic solutions for a two-lens optical
system immersed in air37. These solutions
are also of interest for the design of
reflecting telescopes38,39.
It is extraordinary to realize how
the optical design of the human eye
resembles the characteristics of one of
these aplanatic optical systems, with the
crystalline lens acting as an aspheric
compensator for providing a (partial)
correction of corneal spherical aberration
and avoiding major generation of
off-axis coma. Because the angle κ tends
to be slightly larger for hyperopic eyes
compared with myopic eyes, it is expected
that a larger compensation effect exists
for hyperopic subjects. It seems clear that
this special design of the human eye is
able to maintain constant optical quality
independent of some alignment variables,
thus making the design more robust
and tolerant.
The choice of the lens shape, from an
optical point of view, is clearly carefully
optimized. Simulations comparing the
eye’s actual lens shape with other models
of hypothetical crystalline lens shape
(with the same optical power) show that,
although they all achieve paraxial focus
correctly on the retina, they are totally
different in terms of the amount of coma.
Figure 3 shows an eye model with a real
crystalline lens shape and two other
models with other hypothetical shapes.
The graphs below the eye models show
spot diagrams, with the more compact
distribution (better image quality)
obtained with the realistic model. As such,
it is clear that the eye represents an elegant
design that is optimized to minimize
distortion and is capable of rendering a
retinal image of high quality.
In conclusion, gaining a better
understanding of the eye’s optical
properties will prove increasingly useful
in the future and will certainly help to
optimize approaches to vision testing and
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correction. Ultimately it may be possible
to develop a new generation of improved
diagnostic, therapeutic and corrective
instruments, based on advanced optical
technologies that bring better visual care to
the general population.
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