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We studied the mechanism of compensation of aberrations within the young human eye by using experimental
data and advanced ray-tracing modeling. Corneal and ocular aberrations along with the alignment properties
(angle kappa, lens tilt, and decentration) were measured in eyes with different refractive errors. Predictions
from individualized ray-tracing optical models were compared with the actual measurements. Ocular spherical
aberration was, in general, smaller than corneal spherical aberration without relation to refractive error. How-
ever, horizontal coma compensation was found to be significantly larger for hyperopic eyes where angle kappa
tended to also be larger. We propose a simple analytical model of the relationship between the corneal coma
compensation effect with the field angle and corneal and crystalline shape factors. The actual shape factors
corresponded approximately to the optimum shapes that automatically provide this coma compensation. We
showed that the eye behaves as an aplanatic optical system, an optimized design solution rendering stable
retinal image quality for different ocular geometries. © 2007 Optical Society of America

OCIS codes: 330.0330, 330.4460, 220.1000, 220.2740.

1. INTRODUCTION

The optics of the human eye impose the first physical
limit to visual perception. A good quality retinal image is
required for good vision. The human eye is a relatively
simple optical device with only two elements: the cornea
and the crystalline lens. However, we do not yet have a
complete understanding of the details of the optical prop-
erties of the eye. In recent years, the application of new
technology has been instrumental to further study the
ocular optics. One of the most significant advancements
was to recognize that in the normal young eye the optical
properties of the two ocular components were somehow
tuned to produce an improved overall image quality. In
particular, the corneal spherical aberration (SA) tends to
be balanced by the young crystalline lens [1-3]. Normal
aging disrupts this balance [4], mainly due to the change
of the lens’ spherical aberration from negative to positive
values [5], while corneal SA remains approximately stable
with age [6]. The mechanism responsible for the compen-
sation of SA may have a straightforward optical formula-
tion in terms of the lens structural parameters (aspheric-
ity, gradient index parameters, etc...). These results had
important clinical implications [7,8] leading to a new type
of aspheric intraocular lenses (IOLs) designed to compen-
sate for the average values of corneal SA [9,10].

Other aberration terms, such as coma, also showed a
systematic balance between the cornea and the internal
optics of the eye. In particular, the compensation of hori-
zontal coma has been previously demonstrated [11,12]. It
was found that the degree of compensation of corneal
coma increases with the distance between the pupillary
reflex and the center of the entrance pupil of the eye. This
distance is directly proportional to the angle kappa of the
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eye. After the definition of Le Grand [13], this is the an-
gular distance between the line of sight and the pupillary
axis (see Fig. 1), although in the literature this is also of-
ten referred to as angle lambda [14]. Typically, angle
kappa is larger in hyperopic eyes [13], and therefore, hori-
zontal coma was found to be more compensated for those
subjects than for myopic eyes. As an interesting applica-
tion of this result, we have recently proposed a new IOL
designed to compensate for corneal coma [17].

The imaging properties of the eye, that is to say its ab-
erration structure, are produced by the shape of the sur-
faces, their location, relative alignment, and the distribu-
tion of refractive indexes of the ocular media. Different
authors used instruments to obtain information on the
relative alignment of cornea, lens, and fovea by using
Purkinje images [18-21]. The aberrations of the cornea
can be estimated from corneal topography data [22,23]
and the aberrations of the complete eye can be measured
with wavefront sensors (Hartmann—Shack type sensors
[24,25] are the most widely used). The incorporation of all
these new experimental data of the living eye into ad-
vanced optical modeling [26] would permit a complete un-
derstanding of the mechanism of the compensation of the
aberration.

In this context, this paper presents a complete study of
the causes of the compensation of aberrations of the
young human eye. A detailed set of measurements of dif-
ferent optical parameters was performed in a group of
young subjects, covering a large refractive error range,
from myopes to hyperopes. By individualized optical mod-
eling, the aberrations for each eye were predicted and
then compared with the actual data. These results lead,
for what we believe is the first time, to a detailed expla-
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Fig. 1. (Color online) Definition of angle kappa, line of sight,
and pupillary axis.

nation of the causes of the aberration structure of the nor-
mal eye, revealing the mechanisms of aberration compen-
sation.

2. MATERIALS AND METHODS

A. Subjects, Instrumentation and Measurements

We selected 18 subjects (between the ages of 20 and 26) to
participate in this study (mean 22.3 years, standard de-
viation 2.0 years) with refractive errors between —8.5D to
+4 D. Four of them were nearly emmetropes, eight were
myopes (from -8.5 to —2.75D) and six were hyperopes
(from +1 to +4 D). The complete measurement session
consisted of the assessment of the optical alignment of the
ocular components: lens tilt and decentration with respect
to the line of sight and angle kappa, using our own devel-
oped research prototype based on recording Purkinje im-
ages [19]. The corneal aberrations were estimated with a
ray-tracing procedure [23] from the shape of the cornea
measured with a clinical topographer (Atlas, Zeiss Med-
itec). Axial length and anterior chamber depth were as-
sessed using a low coherence interferometry instrument
(IOL Master, Zeiss Meditec). The wavefront aberrations
for the complete eye were measured with our own
Hartmann—Shack wavefront sensor [25]. All the measure-
ments were performed under normal viewing conditions
without pharmacological pupil dilation. Practices and re-
search adhered to the tenets of the Declaration of Hels-
inki. Informed consent was obtained from each subject af-
ter explanation of the nature and possible consequences
of the procedures.

The assessment of lens tilt and decentration using
Purkinje images was performed using a custom-developed
clinical prototype. It follows a method that has already
been explained in detail elsewhere [21]. Briefly, Purkinje
images were recorded at the same time that the subject
performed nine controlled fixations (more eccentric tar-
gets were situated at 5° with respect to the line of sight).
The distances from each Purkinje reflection to the center
of the entrance pupil of the eye were adjusted as a linear
function of the fixation angle. The overlapping point be-
tween both lens reflections was interpolated from those
fittings. This position indicates the lens’ optical axis. The
angular distance that the line of sight must rotate to lo-
cate this alignment point was used to estimate lens tilt
with respect to the line of sight. Also, the position from
the overlapping point to the center of the entrance pupil
can be considered as an estimation of the lens decentra-
tion with respect to the pupil center. The angular differ-
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ence between the line of sight and the pupillary axis can
be estimated from the extrapolated ocular rotation, which
makes the corneal reflex and the center of the entrance
pupil overlap (see [21] for additional details of the proce-
dure that followed the measuring of the ocular angles).

The ocular wavefront aberrations were measured using
a near-infrared Hartmann—Shack wavefront sensor
adapted to the clinical environment. This system has
more than 220 microlenses over a 5 mm pupil area (the
size of each microlens on the eye’s pupil is 0.2 mm) and it
has a high-dynamic range allowing us to measure large
aberrations with enough accuracy. The corneal surface
was obtained from videokeratoscopy measurements. The
elevations provided by corneal topography were imported
into ray-tracing software to calculate the wavefront aber-
rations associated with the corneal surface. Both ocular
and corneal wavefront aberrations were centered on the
entrance pupil of the eye and expressed as a Zernike poly-
nomial expansion. Internal aberrations were then esti-
mated from the direct subtraction of the corneal aberra-
tions to the total aberrations, neglecting the small stop-
shift effect between cornea and lens aberrations
(assuming that aberrations remain very similar along
small axial distances).

B. Individualized Eye Models

The experimental data collected, corneal shape, eye geo-
metrical distances, and surface alignments, were used to
build up the individualized eye models [26]. The cornea
was approximated by one surface, exporting the elevation
data into the ray-tracing software. Part of the effect of the
back corneal surface was considered using an effective in-
dex of refraction for the cornea. To correct for the mis-
alignment between the videokeratoscopy data centration
(the topography data was centered on the corneal reflex)
and the entrance pupil center, we used the information
provided by the first Purkinje image taken with our in-
strument. Therefore, the corneal surface used for the cal-
culations was the corneal zone centered over the entrance
pupil. Since the center of the entrance pupil was also used
for centering the ocular wavefront measurements, no lat-
eral shift was induced when comparing both measure-
ments; the common axis for each individualized model
was the line of sight (connecting the center of the en-
trance pupil to the fixation stimulus).

The modeling of the crystalline lens presents more
methodological problems because we did not have access
to complete information in vivo. The only objective infor-
mation obtained from the lens was the alignment and the
axial position of the anterior surface. A simple rotation-
ally symmetrical lens model approach was proposed, with
the values of internal SA adjusted to those measured by
direct subtraction of the corneal SA to the ocular SA. The
hypothesis of null intrinsic lens aberrations was implicit
in the formulation of this lens model (with the exception
of spherical aberration). However, this model was ex-
pected to account for all angular generated aberrations,
such as coma. To reproduce the most similar lens struc-
ture, the lens power was also adjusted to account for the
refractive error of each subject.

To fit all these lens features within the experimental
data, an optimization strategy based on changing some of
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the lens parameters was designed. However, the solution
to the optimization procedure in a multivariate space may
be very dependent on the starting point. In this work, lens
parameters of two average model eyes were used as the
starting point for the procedure: the Gullstrand (unac-
commodated) [13] and the Liu—Brennan [27] eye models.
The crystalline lens from the Gullstrand eye model is an
average spherical lens, while the lens from the Liu—
Brennan eye model includes asphericity in both surfaces,
and a parabolic gradient index profile that reproduces the
average measurement of ocular SA. In the first case, the
variables that were used to determine a possible solution
were the radii of curvature and asphericity. while in the
second case a more sophisticated lens was obtained also
using the parabolic parameters of the gradient index as
variables. Therefore, for each subject’s eye, two different
lens models were used. The data related to misalignments
were also directly incorporated into the calculations.
However, different configurations with the alignment pa-
rameters were also explored to investigate their relative
influence into the eye’s aberrations. Alternative modeling
that only incorporated horizontal lens tilt (neglecting any
other alignment parameter) and centered lenses was also
considered. In each eye, the wavefront aberrations were
obtained by tracing finite rays through for different model
configurations. The results were compared with those
measured in each eye by the Hartmann—Shack wavefront
sensor.

3. RESULTS

A. Aberrations and Alignment Data

Figure 2 shows the measured aberrations [total root-
mean-squared (rms), vertical and horizontal coma, and
SA] of the ocular components: cornea, lens (internal), and
complete eye, as a function of the refractive error for each
subject. Corneal SA is compensated by the lens, producing
an eye with slightly positive SA. This compensation of SA
does not depend upon the refractive state. It is interesting
to note that the only statistically significant correlation
between an aberration term and refractive error was
found in the cases of corneal and internal horizontal
coma. In Fig. 2, the sign for horizontal coma was changed
for the right eyes to better visualize the compensation ef-
fect. While the ocular horizontal coma was not statisti-
cally correlated with the refractive error, remaining simi-
lar for myopic and hyperopic subjects, a positive tendency
with refractive error was clearly noticeable for horizontal
corneal coma (R=0.70, p=0.0012). In addition, a negative
correlation of internal coma with refractive error was also
observed (R=-0.62, p=0.0062). No statistically signifi-
cant correlations were observed for vertical coma and re-
fractive error. Moreover, the ocular values of the average
higher-order rms error remained similar for both myopic
to hyperopic eyes, while a positive statistically significant
correlation was found for the corneal higher-order rms
(R=0.63, p=0.05) and internal higher-order rms (R
=0.49, p=0.039).

Figure 3 summarizes the results from Fig. 2, grouping
the subjects by refractive error. The compensation of coma
(right bar of each group) increased with refractive error
while neither the compensated SA (central bar) nor the
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Fig. 2. (Color online) Spherical aberration, coma, and higher-
order root-mean-squared wavefront error for the cornea, eye, and
internal components of all the subjects included in this work,
sorted by the refractive error, from the more myopic to the more
hyperopic eye.

Cornea

ocular higher-order rms (left bar) changed significantly
with refraction. Figure 4 presents the average higher-
order aberration maps for the myopic and the hyperopic
groups. To obtain these average wavefronts, data of left
and right eyes were averaged changing the sign of
Zernike terms with odd symmetry on the y-axis for the
right eyes. The compensation of corneal horizontal coma
by the crystalline lens is clearly noticed in the hyperopic
subjects. In the myopic group, although the corneal SA
compensation effect is still noticeable, the compensation
of coma is clearly reduced.

The alignment values for this group of eyes are de-
picted in Fig. 5 as polar graphs. Angle kappa and lens tilt
with respect to the line of sight shows a horizontal ten-
dency, with the pupillary axis oriented temporally in the
object space with respect to the line of sight. Further-
more, the values for these two parameters were clearly in-
terrelated (R=0.73, p=0.0006). Lens tilt with respect to
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Fig. 3. (Color online) Average ocular rms, compensated coma,
and compensated spherical aberration grouping the subjects into
myopic, emmetropic, and hyperopic eyes. Error bars represent
standard deviation from the average.
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Fig. 4. (Color online) Average higher-order wavefront maps for
the hyperopic and myopic group. Corneal internal and ocular ab-
erration maps are shown in each column separately.
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Fig. 5. (Color online) Alignment data measured for all the sub-
jects included in this study.
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the pupillary axis was also orientated with a temporal
trend in the object space, but with no horizontal or verti-
cal predominant direction. Lens decentration with respect
to the entrance pupil center did not show any special ori-
entation tendency, being in general small, with a mean
radial magnitude of 0.13mm (standard deviation
=0.07 mm). The lens alignment properties did not show
any statistically significant correlation with the refractive
error, with the exception of the horizontal component of
the lens tilt with respect to the line of sight (R=0.54, p
=0.02). Myopic eyes tended to have a slightly smaller
value of horizontal lens tilt (Fig. 6). Due to this relation-
ship, it is interesting to study how the horizontal compo-
nents of tilt were related to the actual values of horizontal
coma. Figure 7 shows the relationship between the mea-
sured horizontal component of angle kappa and the hori-
zontal component of coma for the different optical compo-
nents of the eye. Corneal coma tended to increase with
the horizontal value of angle kappa (R=0.83, p<<0.0001).
The slope of the linear fit was 0.028 um per degree of
angle kappa. A correlation of the ocular horizontal coma
with the angle kappa was also observed (R=-0.50, p
=0.035) but with a smaller slope (-0.008 um per degree)
and without the strong statistical significant of the cor-
neal coma. From the subtraction of both values, the oppo-
site correlation was found for internal coma (R=0.90, p
<0.00001) with a slope of —0.037 um of coma per degree.

Lens Tilt (°)
O =2 NWH»OON O

Myopic Emmetropic  Hyperopic

Fig. 6. (Color online) Lens tilt with respect to the line of sight
for the refractive groups in the study.
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Fig. 7. (Color online) Relationship between angle kappa and
horizontal coma for the whole eye, cornea, and internal optics.
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B. Comparison of Modeling and Measurement Data

The agreement between the aberrations predicted by the
different ocular models and the actual measurements
from the HS sensor were assessed in terms of the corre-
lation levels. Figure 8 illustrates the impact of lens align-
ment on the prediction of horizontal coma. The diamond
shape points represent the value of horizontal coma ob-
tained from an ocular model whose crystalline lens incor-
porated all the actual alignment data (tilt and decentra-
tion) as a function of the measured value of horizontal
coma. The crystalline lens in the model was optimized to
match the spherical aberration value measured, using the
radii and asphericity in both surfaces as variables, with
the Gullstrand lens model as the starting point for the
procedure. The straight line represented the linear fit of
the predicted versus the measured values of coma (R
=0.79, p=0.0001). The squares symbols represent the
same case as before, but they incorporate only the values
of horizontal tilt to the crystalline lens and alignment
properties. Vertical tilts with respect to the line of sight
and lens decentration with respect to the pupil center
were neglected in this case. The dashed line (R=0.83, p
<0.0001) showed the linear correlation with the mea-
sured values. The effect of components other than hori-
zontal tilt was very small since both linear regressions
provided similar values. The smaller triangle symbols
represent the case when a centered crystalline lens was
incorporated into the modeling. Lens tilt with respect to
the line of sight and lens decentration with respect to the
pupil were both neglected. In this third case, a significant
effect in the prediction of ocular coma was observed. The
thinner line in the plot represents the linear regression.
The correlation values did not provide any statistical
meaning in this particular case. This indicates that most
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Fig. 8. (Color online) Influence of the crystalline lens alignment
properties in the prediction of the horizontal coma of the eye (see
text for details).
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of the horizontal coma is produced by the particular hori-
zontal misalignments of the ocular components.

The effect of a gradient index crystalline lens was also
investigated. Figure 9 shows the prediction of coma with
and without gradient index. The diamond shape symbols
represent the ocular horizontal coma prediction for those
models in the same conditions as explained before for Fig.
8 (the case with all misalignment data included), and the
dashed line was the linear fit of these data, exactly as in
Fig. 8. It must be stressed here that these lens models
had a constant refractive index. In contraposition, the
squared symbols represent the horizontal coma prediction
from eye models that incorporated a gradient index lens.
In this case, the Liu-Brennan lens model was the starting
point for the optimization procedure to adjust the ocular
SA, and the coefficients of the parabolic gradient index
axial profile were also used as variables. The solid line
represents the linear fit of the predicted data to the mea-
sured data (R=0.79, p=0.0001). Including a more sophis-
ticated crystalline lens model with gradient index did not
significantly increase the accuracy of the prediction since
the data provided from both eye models were nearly the
same.

It is important to note here that the internal aberra-
tions generated with these individualized eye models
were only internal aberrations due to the position of the
lens with respect to the line of sight. It is also illustrative
to compare the internal aberrations from the models (cal-
culated as the subtraction of the corneal aberrations to
the aberrations from the models) with the internal aber-
rations obtained from the measurements. These include
both types of aberrations: intrinsic surface aberrations
and angular generated aberrations. Figure 10 shows the
results for both horizontal and vertical coma: For each of
the subjects (x-axis), left positioned bars represent the
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Fig. 9. (Color online) Influence of a gradient index crystalline
lens model in the prediction of the horizontal coma of the eye (see
text for details).
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“total” internal coma obtained by direct subtraction of the
measured corneal aberrations to the measured ocular ab-
errations; central bars represent the “angular” internal
coma from the subtraction of the corneal aberrations to
the ocular aberrations obtained with the modeling proce-
dure, and right bars were the subtraction of the second
(central) bar to the first (left) bar. An estimation of the in-
trinsic or structural aberrations of the lens, compared
with the “angular” generated aberrations was obtained
from this subtraction. In the case of horizontal coma, the
agreement between the predicted angular aberrations
and the total internal aberrations is quite high (R=0.96,
p<0.00001). Therefore, the lens intrinsic horizontal coma
is small (the right positioned bar for each subject in the
upper panel of Fig. 10). In the case of vertical coma, the
agreement between the predicted angular aberrations
and the measured internal aberrations is not significant.
These right positioned bars showed some values larger
than those on the horizontal orientation. This result
might indicate a more intrinsic component for this orien-
tation of coma or, in others words, that the horizontal
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subjects included in the study, sorted by refractive error from
myopic to hyperopic.
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component of internal coma was due to the angular orien-
tation of the crystalline lens, while vertical coma had
mainly an intrinsic origin.

Other higher-order aberrations were not expected to be
generated by the angular orientation of the lens. It is well
known theoretically that coma is linearly dependent on
the angular distance of the lens and the principal ray, but
no other relations with the angular orientation are de-
scribed for higher-order terms. The values for trefoil are
shown in Fig. 11. In this case, the values of internal trefoil
predicted by the models (central bars) are nearly zero,
since the angular dependency of this aberration can be
neglected. Therefore, trefoil is generated intrinsically
within the lens surfaces (right bars) and no significant
differences between the trefoil orientations were found.

4. DISCUSSION

The experimental data and modeling presented in this
paper provided several important findings to help under-
stand the mechanisms of compensation of optical aberra-
tions between cornea and internal optics in the young hu-
man eye. As it has been previously described, corneal
spherical aberration was confirmed to be higher than ocu-
lar SA, and this effect was not influenced by refractive er-
ror. The only optical mechanism responsible for this com-
pensation can be formulated in terms of the asphericity of
the crystalline lens surfaces or the gradient index of the
crystalline lens. The compensation of the horizontal coma
was found to have a significant dependence on refractive
error. The optical modeling procedure can help under-
stand this effect. First, the crystalline lens alignment pa-
rameters did not critically affect this compensation, with
the important exception of the horizontal component of
lens tilt. This component was mainly due to the horizon-
tal angle kappa. And second, the gradient index has a mi-
nor impact in the ocular coma. It was also relevant that
the remaining structural aberrations in the lens surfaces
did not seem to be large and they did not change signifi-
cantly with refractive error either.

One important question still remains: Why do corneal
coma and lens coma have opposite signs? The answer is
related to the typical field angle in the eye (the angle
kappa), but the question that might be asked next is why
this angle produces that effect.

A. Simple Optical Modeling of the Compensation Effect

To provide an explanation for the balance of coma in the
human eye, it is important to understand the optical de-
sign of the eye and its basic components. The eye can be
simplified as a two-lens optical system, the first lens of
the system being a meniscus lens (the cornea), and the
second lens being a biconvex lens (the crystalline lens).
These two lenses are structurally different from each
other since they have very different shape factors. Figure
12 illustrates the concept of shape factor [28] in a sym-
metrical index space. With this figure in mind, we can im-
mediately recognize that the cornea must have a shape
factor larger than 1, while the crystalline lens should
have a shape factor between -1 and zero. Assuming a
very simple rotationally symmetrical model, this optical
system would not have coma unless a field angle was
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Fig. 12. Illustrative picture of the shape factor (X) concept in a
symmetrical index space [X=(R;+R3)/(R;-R3), R, and R, are
the radii of curvature of the anterior and posterior surface of the
lens].
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present. However, these two lenses are immersed in a
nonsymmetric refractive index media, from air to aqueous
and from aqueous to vitreous, and the mathematical for-
mulation differs from the situation when a symmetrical
index space is present. An analytical expression for the
Seidel coma of a thin lens immersed in a nonsymmetrical
index space is given by [29]

1
Ao= = Tl Koupi X+ poY® + poXY +paX +psY + pgl,

1)

where n; is the refractive index of the object space, & is
the height of the marginal ray at the lens, K is the lens
power, u is the angle between the principal ray and the
optical axis of the lens, the p; factors are only functions of
the refractive indexes of the media (tabulated in [29]) and
X and Y are the shape and position factors defined as fol-
lows:

(nL - nl)R2 + (nL - n2)R1

= ; (2)
(np—nyRy— (n;, —ng)Ry
nou' +nqu
Y= 2/—1 (3)
nou —nqu

nz, and ny are the refractive index of the lens and image
space, R; and R4 are the radii of curvature of the anterior
and posterior surface of the lens, and u and u’ are the in-
cident and refracted angles of the marginal ray. Equation
(1) reveals that for each fixed position factor, there are an
infinite set of lens shapes with the same power but with
different values for coma. The coma generated will be lin-
ear with the incident principal ray angle. A relationship
between coma and shape factor can be derived for the cor-
nea and the crystalline lens, introducing the value of the
position factor Y on Eq. (1). For the cornea, since the ob-
ject is assumed to be at infinity, the position factor is Y
=1; Eq. (1) can be rewritten as

1
Comac=- Zh%K%ﬁC[P 10X¢

+ (p3c +psc)Xc + (Pac + Psc +Pec) - (4)

For the crystalline lens, under the assumption of equal re-
fractive indexes for the aqueous and vitreous, some of the
p factors are zero, and Eq. (1) can be rewritten in its more
classical form (see [29]) as
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Comay, =~ ThLK%uL[pALLXL +p5.Y1]. (5)

The position factor for the lens Y;, can be calculated using
Eq. (3) and simple paraxial optics with the geometry of
the Gullstrand unaccomodated eye model. Assuming an
aperture diameter of 5 mm, Eqgs. (4) and (5) are plotted in
Fig. 13 for different parameters: The parabolic curve rep-
resents the corneal coma as a function of its shape factor
and the straight lines are the coma for the crystalline lens
against shape factor. The three straight lines show coma
for crystalline lenses of different powers: 15 D (solid line),
20 D (short dashed line), and 25 D (long dashed), respec-
tively. The influence of corneal power was also evaluated
but only small changes were found with little relevance to
this discussion. The three panels represent the influence
of the principal ray angle (equivalent to the field angle).
Values of 2° (upper panel), 5° (medium panel), and 8°
(lower panel) were used. Choosing any of the shape fac-
tors represented in the x-axis for each lens (cornea and
crystalline), an optical system with similar first-order op-
tical properties (optical power) to the eye could be se-
lected, but, of course, a particular election of the actual
shape factors will have tremendous implications on the
third-order optical properties (third-order aberrations)
and, in particular, in coma. Therefore the question that
arises is what the shape factors are for conventional nor-
mal eyes. Using the Gullstrand cornea parameters, a
value of shape factor of ~1.25 is obtained (plotted as a dot
in the graphs). It is important to see that this shape factor
generates a negative value for the corneal coma. For the
crystalline lenses, the values for the shape factors are
~—0.25, providing a positive value for lens coma, opposite
to corneal coma.

The fact that the corneal coma and crystalline lens
have such different shapes is crucial to understanding the
balance of ocular coma observed with the measurements.
The optical design of the eye represents a natural (auto-
matic) defense against the presence of field angles such as
those naturally occurring in the eye, as the angle kappa
or, if misalignments between the ocular components are
neglected, angle alpha (the angle between the visual and
best optical axis). These angular misalignments in the eye
all have the same origin: The fovea is not located on the
optical axis, but this proper shape design tends to attenu-
ate what could have been a major optical imperfection. It
is rather extraordinary to realize how the optical design
of the human eye reassembles the characteristics of an
aplanatic optical system, with the crystalline lens acting
as an aspheric compensator to provide a (partial) correc-
tion of corneal spherical aberration and also with the
proper choice of shapes to avoid a major generation of off-
axis coma. Since angle kappa tends to be slightly larger
for hyperopic eyes as compared with myopic eyes, it is ex-
pected to have a larger compensation effect for the hyper-
opic subjects. This prediction fit well with the experimen-
tal data presented in this paper (Fig. 2).

It must be mentioned that this treatment is strictly cor-
rect assuming that the stop-shift effect is neglected. In
others words the coma plotted in Fig. 13 represents the
corneal coma at the corneal plane with the cornea acting
as its own stop aperture and also lens coma with the stop
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Fig. 13. (Color online) Corneal coma as function of shape factor
(parabolic line) and lens coma as function of shape factor
(straight lines) for three different principal ray angles (2° upper,
5° medium, and 8° lower panels) in the context of the simplified
angular theory described in the text. Three different lens models
were used (15, 20, and 25 diopters; see text for details). Dots rep-
resent the standard shape factor for a Gullstrand cornea model
(1.25) and the standard shape factor for the Gullstrand crystal-
line lens model (-0.25).

aperture at its own plane. A strictly theoretical treatment
of this problem represents a more complicated problem
with little margin to improve the results. However, a ray-
tracing procedure with the aperture stop (the physical pu-
pil) placed in front of the lens, provided very similar re-
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sults [12] to this simple theory (in terms of horizontal
coma compensation).

Still, the pupil location in the eye has some surprising
effects for ocular aberrations that are worth mentioning.
Tilting the lens has, as has been described earlier, a lin-
ear effect in the generation of coma. One could object that
this effect might be dependent on the spherical aberration
of the surface. The following equation [30] describes the
coefficient of Seidel coma generated due to the tilting ef-
fect of a lens with spherical aberration:

8Coma = - 4sagp, (5"

where s is the distance from the exit pupil to the surface,
ag is the spherical aberration coefficient, and B is the
angle of tilt of the surface. If the distance s can be ne-
glected, there will be no coma generated by the aspheric-
ity of the surface. This is the case with the first crystalline
lens surface. The physical pupil is placed against this sur-
face, and the exit pupil of the eye is approximately at the
same plane. Therefore, asphericity of the anterior lens
surface has a minor effect on the generation of off-axis
coma. Asphericity in the posterior surface might have
some effect, but in any case this is an additive quantity to
the linear coma generated by obliquity in spherical sur-
faces and it would contribute as a noisy source to the com-
pensation effect (imperfect correlations in Fig. 7 might in-
dicate the presence of some noisy sources).

B. Elongation Model of the Eye Versus Angle Kappa

The actual shapes of the components of the eye produce a
large coma compensation effect in the presence of typical
ocular field angles. This effect is more important in hyper-
opic subjects since they tend to have a larger angle kappa
than myopic eyes. It might be interesting to explore in de-
tail the reason for this tendency. This can be explained by
a simple model of the axial growing of the eye. It is well
known that one of the mechanisms for the development of
myopia is an abnormal axial growth of the eye. Magnetic
resonance images have clearly shown that this kind of
myopia is prevalent among the myopic population [31].
Therefore, it is expected that the fovea would remain rela-
tively unchanged in its vertical position with little migra-
tion in this direction, since the main growing of the eye is
axial. Assuming this foveal position is stable in the grow-
ing eye [see Fig. 14(a)] and also that the change in the ap-
proximate nodal points of the eye is small in comparison
with the change in the axial position of the retina, we can
formulate a simple model of how angle kappa might
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Fig. 14. (Color online) (a) Schematic geometry of the elongation
model of an eye from normal to myopic refractive states. (b)
Angle kappa measured as a function of the axial length (dots)
and the theoretical prediction of a simple geometrical model of
eye elongation (dashed line).

Axial Length (mm)
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change with the axial length of the eye. Let A and L rep-
resent this change and the distance from the nodal image
point to the retina, respectively. The field angle presented
in the eye (the angle between the optical axes in this ideal
case and the visual axes) is denoted as «. In the normal
emmetrope subject we called it «y. Using simple geom-
etry, from Fig. 14(a) we could express the field angle when
the eye grows an axial magnitude of A as

L
ay = tan‘l[ <m)tan(aN)} ) (6)

The starting point is an average normal emmetropic eye
with an axial length of 24 mm, ay=5 degrees, and L
=16.5 mm. Figure 14(b) shows the prediction of the angle,
using Eq. (6) as the eye becomes longer and shorter
(dashed curve) together with our measured data on axial
length and angle kappa. The variation among subjects is
large and probably there are important individual differ-
ences with this simple model. However, the tendency ob-
tained through this equation is useful for explaining (at
least partially) the influence of eye elongation for angle
kappa.

C. Compensation Mechanisms Render a Robust Eye
Design

The model proposed in this paper is strictly related to the
angular generated coma. It seems that the intrinsic com-
ponents of coma associated with the crystalline surfaces
are small as compared with the angular component, at
least for the horizontal projection of coma. However, al-
though the corneal coma tended to have a very significant
angular component, in some cases the intrinsic structural
aberration was even stronger than the angular generated
coma and it should not be neglected at all. Figure 7
showed this relation. If corneal coma was entirely gener-
ated by the angular value, a perfect linear relation should
be expected for the diamond shape symbols. Although this
relation was very significant, some points were scattered
around, which revealed the presence of a structural in-
trinsic coma independent of the angle.

Some interesting new questions may arise beyond the
scope of this current paper. Although the shapes of the
crystalline lens change with age, they do not change
enough to significantly modify its shape factor, and simi-
larly for the cornea. Therefore, the balance of ocular coma
with age relies on the temporal evolution of angle kappa
and we believe that no works have been performed on this
topic so far. It would also be interesting to study the
change of shape and position factors on the aberrations
during accommodation. All the theory and measurements
performed in this study are valid in the unaccommodated
range when the subject fixates to a far target. However,
changing the accommodation level would modify the posi-
tion factor for the cornea, and also the shape factor for the
lens. This fact by itself would predict a modification in the
ocular coma. The alignment properties might also play a
role in the accommodation dynamics if the line of sight
tends to change with the accommodation amplitude.

These series of experiments and optical modeling al-
lowed us to understand the basic mechanisms of the opti-
cal design in the human eye. We showed that the eye be-
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haves in a similar way as an aplanatic optical system.
This is a much optimized design solution rendering a very
stable retinal image quality for a variety of geometrical
configurations: axial longitude or ocular misalignment.

In summary, the results presented here have provided,
for what we believe is the first time, a convincing expla-
nation for the balance of aberrations, and in particular
the balance of the horizontal coma in the normal young
eye. The role of the alignment properties in the eye has
been studied and measured in detail, and some aspects
that had not yet been understood have been explained
and successfully modeled.
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