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Single dispersive gradient-index profile for the
aging human lens
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We provide a single gradient-index (GRIN) profile for the crystalline lens in an updated age-dependent
emmetropic-eye model. The parameters defining the GRIN profile include their variation with age and the dis-
persion of the refractive index in order to account for the increase in the positive-wave spherical aberration, for
the constant chromatic difference in the refraction of the human eye, as well as for the decrease in the retinal-
image quality with aging. In accounting for these ocular properties, the results show that first, the value of the
dispersion parameters are invariant with age. Second, those parameters defining the distribution of the lens
index cause the lens-center-index value to decrease slightly, and its position along the lens axis changes with
age. Furthermore, these findings are in agreement with the lens paradox. © 2007 Optical Society of America
OCIS codes: 330.5370, 110.2760, 170.4460.
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. INTRODUCTION
he structure of the crystalline lens in the human eye is
nown to be layered [1,2]. Based on this, Gullstrand [3]
as the first researcher who proposed eye models in
hich the lens had an inhomogeneous index distribution:
ne of them had a two-shell-index lens, and a second one
ad a continuous index distribution. In the late 20th cen-
ury, several investigators proposed a lens that had a
RIN (gradient-index) distribution. These profiles were
sed in more realistic eye models in an attempt to explain
he mean retinal-image quality of the population in re-
axed emmetropic as well as in myopic eyes, and for the
ormer ones, even in various states of accommodation
4–9].

Many studies have attempted to measure the refractive
ndex distribution of crystalline lenses using different ex-
erimental techniques applied to in vitro [10–21] as well
s to in vivo [22–25] animal and human lenses. However,
he results suffer from low resolution, or they have to as-
ume constraints for the index distribution to conform to
particular model. The lens is the optical element in the

ye that undergoes noticeable changes with age and ac-
ommodation. There is a good agreement in the physi-
logical optics community that a complete lens based on
eliable measurements of its index distribution is needed,
iven that schematic eye models are used in modeling
everal popular surgical techniques, such as refractive
urgery [26–28], intraocular implants [29,30], as well as
ision applications [31–33]. Furthermore, since eye aber-
ations change with age [34–36] and accommodation
37–39], these techniques can be better predicted and
imulated with a schematic eye having a lens model that
ccounts for these changes.
The current profile proposed for the human lens has an

symmetric elliptical shape for isoindicial surfaces, but
1084-7529/08/010250-12/$15.00 © 2
ome studies question whether these elliptical surfaces
hould be concentric [10]. Due to the asymmetry of the in-
ex distribution along the axis of this kind of profile, the
RIN lens profile can be modeled in two parts (Fig. 1,

op). That is, the lens is assumed to be composed of two
lano–aspheric components, each having a specific GRIN
istribution and being in contact with the plane surfaces
7,9]. In fact, this does not lead to a real two-element crys-
alline lens; instead, the plane surface is a dummy sur-
ace that eases GRIN profile modeling. Of course, the in-
ex values and their gradients must be continuous on this
ontact-plane surface.

In addition to the model proposed by Gullstrand, a
ingle profile to describe the index distribution for the
hole crystalline lens (Fig. 1, bottom) has been reported

o account for various states of accommodation
4,8,40,41]. The most recent [41] is based on the model
roposed by Liou and Brennan [7], but the lens is re-
laced by a new one with a single GRIN distribution.
owever, the above-mentioned studies did not compare
ata with the experimental results in the literature, such
s the modulation transfer function (MTF) or the eye
pherical aberration, i.e., wave spherical aberration (SA).

With respect to the dependence on aging, several stud-
es have shown that vision quality declines with age
34–36,42–44]. Some efforts have been made to model the
eometry of the cornea and the human lens with age
5,45–50]. It is well known that the lens-surface radii of
urvature decreases with age. If the lens refractive index
emains constant with age, the lens power should in-
rease. This effect implies that an emmetropic subject
urns myopic over the years; however this is not true.
his is known as the lens paradox, and many efforts from

he standpoint of modeling the lens GRIN profile [51,52],
s well as from experimental measurement of in vitro hu-
008 Optical Society of America
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an lenses, have been made to explain why an emme-
ropic eye maintains its power with age [19,53,54]. It has
een deduced from these studies that an alteration of the
RIN profile as well as a variation in the internal refrac-

ive index value could provide the explanation. However,
recent study [21] points to the fact that the lens-center

ndex does not change with age and that the size of the
entral index plateau increases in size also with age, in
greement with a previously published prediction [50]. In
ddition, it is known that the lens loses some negative SA
ith age and thus the ability to compensate for the posi-

ive SA of the cornea, and, therefore, the eye augments its
ositive SA as age progresses [44].
A complete model for the human-lens refractive index

lso should include its variation with wavelength. Liou
nd Brennan [7] proposed for their eye model a waterlike
ispersion not only for the ocular media and the cornea
ut also for the GRIN lens profile. They justified this se-
ection by observing that the ocular media, including the
ens, are composed mainly of water. Nevertheless, it
hould be considered that their dispersion equation for
he lens has, erroneously, a parabolic dependence on
avelength, and it considerably reduces the index value

rom what it should be [55]. The dispersion of the ocular
edia is responsible for the eye’s longitudinal and trans-

erse chromatic aberrations [56,57], which are considered
nvariant with age [58,59]. Recently, Atchison and Smith
55] have reported a Cauchylike four-term expression for
haracterizing the dispersion properties of each ocular
edium, including the lens. These authors successfully

xplain the theoretical and experimental data for ocular
edia dispersion. Moreover, with these expressions, it is

asy to extend the study of visual functions to the near
R.

In this paper, a single GRIN profile is proposed for the
uman lens. The parameters describing this profile have
een reported with age dependence, and the refractive in-
ex variation with wavelength has also been included,
aking into account the recent data for the lens edge and
enter [9,21]. This GRIN lens profile has been used in a
pdated schematic eye model for an emmetropic subject,

n which the ocular geometrical parameters also change

ig. 1. Modeling the crystalline lens in current eye models with
wo GRIN profiles (top) and with a single profile.
ith age. Furthermore, decentrations and/or tilts of the
cular elements [9,60,61], as well as an ellipsoidal retina
62], have been considered. We have constrained the pa-
ameters describing the GRIN profile to account for main-
aining eye power as age advances, for the age-
ndependent eye longitudinal chromatic aberration, and
or the experimental monochromatic foveal MTF. The
ater implies that the results for the MTF have been
valuated in the fovea at all ages, and thus the visual axis
7,63] has been introduced in the schematic eye. This ag-
ng schematic eye could serve as a starting point in the
tudy, simulation, and prediction of several vision defects
nd their correction, as well as of the accommodation in-
uence on visual performance.

. METHODS
odern optical-design software (ZEMAX-EE, Software
evelopment, Inc.) was used to implement the GRIN pro-
le for modeling the lens of a schematic eye. Regarding
his schematic eye model, we have used the up-to-date
cular data concerning curvatures of surfaces, aspherici-
ies, thicknesses, and dispersions of ocular media. In ad-
ition, since we have modeled the GRIN profile with age,
hose geometrical parameters for the cornea and the lens
ave been varied with age according to published data
45–49]. The age-dependent schematic eye model de-
cribed below has been chosen to be as accurate as pos-
ible with the anatomic relative positions of their sur-
aces. That is, the eye was not considered to be a centered
ystem but a decentered optical system and with the
ovea set at 5 deg from the optical axis (angle alpha)
7,63].

. Cornea
rotationally symmetric conicoid was adopted for the

hape of the corneal surfaces [7,64–66]. Corneal data de-
endence with age was taken from the recent work of
ubbleman et al. [48]. Although they reported variations

n the asphericities along the horizontal as well as the
ertical corneal axes that lead to spherocylindrical errors,
e have discarded this dependence.
Thus, the anterior, Rc1, and the posterior, Rc2, radii of

urvature were taken as 7.79 mm and 6.53 mm, respec-
ively, which were on average independent of age [48]. Re-
arding the asphericities of the corneal surfaces, both
hanged with age according to the following:

Qc1 = − 0.24 + 0.003 � age, Qc2 = − 0.006 � age. �1�

he asphericity, Q, of the surface is defined as −K, K be-
ng its conic constant [63], and it is related to the conic
onstant defined by Dubbleman et al. [48], k, through the
elationship k=Q+1. The refractive index was taken at
55 nm with a value of 1.3759 [7,55,65,66].

. Anterior Chamber and the Iris
he variation of the anterior chamber depth with age,
earing in mind the adopted corneal thickness of
.579 mm [45], was given [45] by
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ACD = 3.87 − 0.01 � age, �2�

aving a refractive index for the aqueous of 1.3359 at
55 nm [7,55].
The iris, the aperture stop of the eye, was set at the

ertex of the anterior lens surface. An average decentra-
ion was set at 0.3 mm in the nasal direction. This value
verages the data gathered by Liou and Brennan with
hose of Yang et al. [67], in which values as small as
.2 mm and as large as 0.5 mm were found, and thus an
verage of 0.3 mm could be adopted for a normal subject
n photopic conditions. This decentration value was inde-
endent of age, and no vertical decentration was set.

. Lens
e also adopted a rotationally symmetric conicoid for the

hape of lens surfaces [7,9,65,66], and we followed the
ata reported by Dubbleman et al. [46,49]. Their results
gree quite well with the mean data in previous works,
nd their Scheimpflug imaging technique is as reliable as
he Purkinge imaging technique [68]. Thus, the radii of
urvature of the anterior, Rl1, and the posterior, Rl2, lens
urfaces, and their respective asphericities, Ql1 and Ql2,
ere given as a function of age by

Rl1 = 12.7 − 0.058 � age; Ql1 = − 5, �3�

Rl2 = − 5.9 + 0.0015 � age; Ql2 = − 4. �4�

The refractive index was modeled bearing in mind that
he lens can be regarded as one element having a single
ontinuous GRIN distribution. For this, the GRIN lens
rofile for the whole lens was given by

n��,x,y,z� = n0��� + n1�cos�n2z� − 1� + n3 sin�n4z�

+ n5�x2 + y2�, �5�

here z is the lens axis, the terms containing the function
os and x2+y2 model the elliptical shape of the isoindicial
urfaces, and that containing the function sin accounts for
ts asymmetry along the lens axis. The sine and cosine
unctions were chosen because they simplify the use of
omplex polynomials describing the variation of the GRIN
rofile along the lens axis [41]. As can be seen, the index
istribution follows the widely accepted rotationally sym-
etric model through the dependence on the term x2+y2,

ince this is the square of the distance of any off-axis
oint to the lens axis (z axis).
The term no��� accounts for the variation of the lens in-

ex with wavelength, while the remaining terms account
or its spatial distribution. This is a reasonable assump-
ion; although there would be reasons to assume that the
onstants n1 to n5 change with wavelength, it is the sim-
lest one. Thus, no was modeled as a function of the wave-
ength following a Sellmeierlike equation with six con-
tants:

no
2��� − 1 =

K1�2

L1 − �2 +
K2�2

L2 − �2 +
K3�2

L3 − �2 , �6�

here � is in nanometers.
This six-constant equation is the common one used for

btaining the dispersion of dielectric materials. It has
ide theoretical support, it is easy to implement in mod-
rn optical software, and it allows the refractive index to
e extended to the near IR [69]. In fact, the Cauchy equa-
ion for the dispersion of dielectric media is an approxi-
ation of that of Sellmeier when Li��. The value of n at

55 nm was assumed to be a value of 1.371 for the lens
dge, regardless of age [21], and a value of 1.418 for the
ens center [21], but this is variable in the modeling.

The lens thickness changes with age, and we have
aken the data from Dubbleman et al. [45,49]; thus

dL = 2.93 + 0.0236 � age. �7�

egarding the tilt and decentration of the lens, we fol-
owed the work of Atchison [9], assigning an age-
ndependent tilt of 4 deg to the temporal object space,
ith no decentration. The lens is tilted with respect to its

enter. This tilt value agrees with a more recent study
rom Chang et al. [60]. This study also reports a decentra-
ion of the lens surfaces with respect to the corneal axis.
owever, the mean values cover decentrations in differ-

nt directions, and no conclusive data could be obtained
rom individual subjects. By using an instrument de-
igned specifically for measuring misalignments of optical
urfaces, Tabernero et al. [61] also found similar values
or the lens tilt and small values for the decentration of
he lens for two normal eyes. Consequently, no decentra-
ions are adopted for the lens in this work.

. Eye Length and the Vitreous Chamber
e have used a paraxial image position to determine the

xial eye length. This is a widely used condition when
orking with schematic eye models, and it gives a value

or the axial eye length of 23.59 mm for a 25-year-old em-
etropic subject at 555 nm. This length is consistent with

revious experimental data [9], and it was assumed to be
onstant over age. The vitreous chamber then changes
ith age according to the expression

VC = 16.79 − 0.0136 � age. �8�

he refractive index value of the vitreous humor at that
avelength was 1.3359 [7,55,65,66].

. Retina and the Position of the Fovea
he retina was set at the paraxial image plane. In addi-

ion, its shape was adopted following the work of Atchison
t al. [9,21] independently of age. Thus, a tilted and de-
entered ellipsoid was considered the radii of −12.91 mm
n the horizontal section and −12.72 mm in the vertical
ection. The corresponding asphericities were 0.27 and
.25.
Because the visual axis goes to the fovea and the gaze

f a subject points to it in the image space, we have intro-
uced the fact that the fovea was not on the optical axis of
he eye but at 5 deg to the horizontal temporal direction
7,63]. This angle, called the angle alpha, was set in the
chematic eye model as the angle made by the chief ray at
he exit from the posterior lens surface with the corneal
xis. This position of the fovea was assigned as the refer-
nce position for all calculations concerning retinal-image
uality and ocular aberrations.
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. Dispersion of Ocular Media
s indicated, the dispersion of the cornea, the aqueous,
nd the vitreous humor were taken from the work of
tchison and Smith [55].
Taking into account all these data, Fig. 2 is the right

ye modeled (top view) of an emmetropic subject, and
able 1 lists the parameters defining the schematic eye
odel as a function of age at 555 nm wavelength.

. Fitting Lens Parameters with Age
o determine the GRIN lens distribution with aging, we
ave considered that simulated emmetropic subjects from
0 to 65 years old, in steps of 5 years, should resemble
he monochromatic foveal MTF, the eye SA, and the lon-
itudinal eye chromatic aberration of actual emmetropic
ubjects.

Thus, on the one hand, the average value for the eye SA
t 555 nm was taken into account at 25 years [7,9]. On
he other hand, the experimental monochromatic MTF
ata taken as reference were those from previous works
34,42]. In a subsequent paper from McLellan et al. [35],
he MTF was determined for different subjects ranging in
ge from 23 to 65 years. Comparing their results with
hose of Guirao et al. [34], we found that the MTF declines
ith aging similarly, but has higher values, especially at

patial frequencies greater than 30 cycles per degree
cpd). The differences where explained due to the dissimi-
ar experimental methods used in the two works regard-
ng ocular scattering. Thus, we took the functions that fit
he MTF data from Guirao et al. corresponding to the rep-
esentative three groups of subjects using a monochro-
atic wavelength value of 543 nm and a 6 mm pupil di-

meter without apodization—that is, we did not take the
tiles–Crawford effect into account [70–73]. The functions
ere sampled to have a total of ten MTF values, for fitting
urposes, and a higher weight was assigned for spatial
requencies less than 30 cpd. Because these values are ra-
ial average MTF values [34], in our case they were set as
he mean value from the vertical and horizontal MTFs
alculated by the software.

The dispersion of the ocular media is responsible for
he longitudinal chromatic aberration of the human eye
56]. This implies an eye-power difference with the wave-
ength evaluated as a chromatic difference on refraction
57] (CDRx, in diopters, D), with respect to a reference
avelength, which was 555 nm in the present study. This
DRx was assumed with no dependence on age, as re-
orted in previous studies [58,59]. Thus, in a preliminary
pproach to obtain the GRIN lens profile parameters, if

ig. 2. Example of the schematic eye model used for an emme-
ropic subject. This view is from the top of the right eye. The
ight eye was used in all calculations.
e determine the dispersion parameters for a given age,
hese parameters can be maintained as constant over the
ge range considered if the power of the eye also remains
onstant.

Therefore, in an initial approach to modeling the GRIN
ens profile, we calculated the parameters that, for a
5-year-old subject, define the profile constrained to re-
emble the CDRx of the human eye [57], the experimental
oveal MTF from Guirao et al. [34], and the eye SA at that
ge. We used a flat spectral illumination having a spectral
ange from 400 to 700 nm at 25 nm steps, weighted by
he luminous efficiency function of the eye [74]. Due to the
naccuracy in the experimental asphericity values of the
nterior and posterior lens surfaces, these parameters
ere also considered as variables in the fitting procedure,
iven the target value for the average SA. Because the
ye modeled was a decentered system, the value for the
A was calculated through the Zernike coefficient Z4

0 fol-
owing the double-indexing scheme [75].

Once this first fitting process was completed, we fixed
he dispersion terms to be constant over the age range
onsidered as well as over the asphericities of the lens
urfaces. Then the variation of the GRIN distribution pa-
ameters with aging were determined by a subsequent op-
imization process that gives the optimum values to re-
emble the foveal MTF values at all ages considered.

In optical design, there are two main strategies in an
ptimization procedure: the local-minimum search and
he global minimum search [76–78] of a merit function.
he latter is time-consuming, and it is suitable for finding
set of starting optical-system solutions for further fine-

uning to the desired results via the finding of a local
inimum. In our case, the system to optimize is not far

rom the desired result. Thus, it is better to perform a
ocal-minimum search by using the least-squares algo-
ithms widely implemented in optical software.

The value of the merit function used is calculated by
he root sum square of the weighted optical value differ-
nces [76]:

� = �� �j
2��j − �jt�2�1/2

, �9�

here �j is the weight applied to the jth difference be-
ween the actual optical value �j and the target optical
alue �jt. In our case, those optical values were the
eighted foveal MTF at adopted spatial frequencies and
ges, the age-independent CDRx, and the SA at 25 years
nd 555 nm. We use the DLS (damped least-squares) al-
orithm for the optimization procedure with the optical
oftware [78].

Some additional constraints were imposed on the opti-
ization process. These constraints force the process to

he best solution found to satisfy the established require-
ents. These were as follows:

1. The eye power was constant over age and was set to
1.27 D at 555 nm. This value corresponds to the eye
ower of our 25-year-old emmetropic subject.
2. The refractive index of the lens edge was set at 1.371,

s several studies have reported [9,21], and it is indepen-
ent of age.
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. RESULTS
able 2 presents the coefficients corresponding to the dis-
ersion term describing the variation of the refractive in-
ex with wavelength and the dependence with age of the
arameters characterizing the index distribution. As can
e seen in Table 2, since these parameters correlated well
ith age, a linear dependence could be found for them. In
ig. 3, they are plotted as a function of age at 555 nm;
lso plotted is the linear fit for each parameter. Dashed
ines indicate the confidence interval at the 95% level. All
hese parameters decrease in absolute value with age.

It is informative to analyze the impact of these param-
ters on the distribution index variation with age. Figure
depicts the index contours at 1.371, 1.38, 1.39, 1.40,

.41, and 1.42 values in an equatorial section (the YZ
lane), the index profile along the lens axis (Z axis), and
he lens-center-index profile along the equatorial lens ra-
ius. We assumed an equatorial lens radius of 4.5 for
dult eyes [9]. From this figure, we can see that, in order
o explain the retinal-image quality decline with age at a
onstant eye power, the index of the lens center decreases
rom 1.417 to 1.407 from 20 to 65 years, respectively. This
imilar variation in the lens-center-index value has also
een reported in experimental works using MRI images of
ens donors [19,54]. Moreover, the position within the lens
here the index has a high value also varies slightly with

Table 1. Schematic Eye Para

Surface Medium n �555 nm�

1 Cornea 1.376
2 Aqueous 1.336

3 (iris)b Aqueous 1.336
4c Lens 1.371+n1�cos�n2z�−1�

+n3 sin�n4z�+n5�x2+y2�
5 Vitreous 1.336

(retina)d — —

aThe index coefficients have a dependence on age, tabulated in Table 2.
bThe iris is decentered −0.3 mm along the x axis; that is, it is decentered 0.3 mm
cThe lens is tilted −4 deg about the y axis containing its center; that is, the lens
dThe retina is an ellipsoid tilted −11.5 deg about the y axis and −3.6 deg about t
ge, from 1.326 mm to 1.951 mm at the same age range,
hich gives a change in the percentage with respect to
he total lens thickness from 39% to 43.7%. In the middle
olumn of Fig. 4, the dotted line indicates that position,
nd we can deduce that this position moves to the geomet-
ic center of the lens. It seems therefore that our model
redicts that the index distribution of the lens gets more
ymmetric as age increases.

With respect to the dispersion properties of the lens in-
ex, Fig. 5 presents comparisons between the dispersion
f the lens-edge index and the lens-center index found in
his study by using the dispersion constants in Table 2
nd Eq. (6), as well as the data reported by Atchison and
mith [55], rescaled by Atchison [9] to get a refractive in-
ex of 1.371 at the edge and 1.418 at the center. Our find-
ngs are very close to their data, so that the larger differ-
nces occur at the shorter wavelengths, with values of
ess than 0.002 for those differences.

However, as commented on in Section 2, the dispersion
erm no was kept constant once it was calculated at
5 years, since the CDRx does not significantly vary with
ge [58,59]. This is reflected in Fig. 6, where the CDRx
orresponding to an emmetropic eye at 25 and 65 years is
ompared with that of the chromatic eye [57]. The agree-
ent is quite good, and the CDRx difference increases at

horter wavelengths. However, given that difference is
ithin the experimental error, our premise about the con-

tant CDRx over age is well predicted by our model.

rs as a Function of Age „A…

a

R (mm) Asphericity Thickness (mm)

7.79 −0.24+0.003*A 0.579
6.53 −0.006*A 3.291−0.01*A

� — 0
12.7−0.058*A −4.56 2.93+0.0236*A

5.9+0.0015*A −1.13 16.79−0.0136*A
Rx=−12.91 Qx=0.27 —
Ry=−12.72 Qy=0.25

�see �67��.

deg to the temporal space object �see �9��.

s �see �62��.
Table 2. Value of the GRIN Profile Parameters as a Function of Age „A…

a

Coefficient Value p-value R2

K1 −30.121153
L1�nm2� −19.383097�106

K2 −0.809941
L2�nm2� 0.017803�106

K3 −156.88487
L3�nm2� 107.42008�106

n1 0.0394�±0.0018�−0.000355�±0.00004�*A �1�10−4 0.907
n2�mm−1� 1.238�±0.031�−0.00561�±0.0007�*A �1�10−4 0.89

n3 0.1092�±0.0018�−0.00077�±0.000039�*A �1�10−8 0.979
n4�mm−1� 0.79�±0.014�−0.00312�±0.00032�*A �1�10−4 0.921
n5�mm−2� −0.00235�±0.00002�+1.32�10−5�±5�10−7�*A �1�10−8 0.991

aThe dispersion parameters were independent of age to account for the eye’s longitudinal chromatic aberration.
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ig. 3. GRIN profile parameters as a function of age (symbols). The solid line is the linear fit of the data, and the dashed lines represent

he confidence interval at 95%.
ig. 4. Contour index values in the equatorial YZ plane (left column), index profile along the lens axis (middle column) and index
ariation of the lens-center index along the equatorial radius (right column) at different ages. The dashed line in the graphs correspond-
ng to the index profile along the lens axis indicates the position of the lens-center-index value.
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As reported in Table 1, the values obtained for the as-
hericities of the lens surfaces in a preliminary approach
o GRIN profile modeling are −4.56 and −1.13. With these
alues, the ocular SA at 555 nm was evaluated by calcu-
ating the Zernike coefficient Z4

0. The resulting value was
.08 	m at 25 years for a 6 mm pupil diameter, this being
ess than that reported by Atchison [9,79]. This coefficient
aried from 0.001 	m to 0.13 	m at that pupil diameter,
hich is in the low range of the normal population. Fur-

hermore, as expected, we found an increase in this coef-
cient value with increasing age. Moreover, we calculated
he evolution of the root-mean-square (RMS) wavefront
berration, calculated from the Zernike coefficients up to
he sixth order, plus seventh-order SA [75] at that wave-
ength, but excluding piston, tilt, astigmatism, and defo-
us. We also found an increase in the RMS value, as ex-
ected, with increasing age (from 0.18 	m to 0.24 	m).
The results concerning the retinal-image quality are

epresented in Fig. 7. In this figure the average MTF, at
43 nm and for a 6 mm pupil, is plotted for three subjects
t 25, 40, and 55 years of age. They are compared with
he data reported by Guirao et al. [34] for the same age
roups. These results are also similar to those of McLel-

ig. 5. Refractive index values corresponding to the lens edge
nd lens center (curves) as a function of wavelength compared to
he data (symbols) from Atchison [9].

ig. 6. Comparison of the chromatic difference on refraction
CDRx) corresponding to the ages of 25 and 65 years. Solid curve
s that of the chromatic eye [57].
an et al. [35] using a spatially resolved refractometer for
group of subjects from 23 to 65 years of age. The agree-
ent is good beyond the 15 cpd, and the differences in

his region are close to the standard deviation of the ex-
erimental data reported [34,42]. As seen, the retinal-
mage quality declines with advancing age, this effect be-
ng more significant at low spatial frequencies. In
ddition, although the differences are found at low spatial
requencies, we should bear in mind that the eye model

ig. 7. Average modulation transfer function (MTF) at 543 nm
or three representative ages, each one within the group adopted
y Guirao et al. [34]. Data with the standard error from the nor-
al population reported in that study are also plotted for

omparison.
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ncludes neither ocular scattering, nor corneal astigma-
ism, nor high-order aberrations, as we will discuss below.

. DISCUSSION
e have modeled an anatomically accurate emmetropic

ge-dependent eye, taking into account recent ocular data
egarding curvatures, asphericities, thicknesses, and me-
ia dispersions. In this schematic eye model, we need a
ens having a single GRIN profile and dispersion proper-
ies as accurate as possible in order to account for the
etinal-image-quality decrease with advancing age, for
he increasing positive-wave SA, as well as for the con-
tant longitudinal chromatic aberration. However, the
odel also has been constrained by the premise that the

ye power should be constant with age and that the re-
ractive index in the lens cortex should be 1.371, consis-
ent with previous studies [19,21,54]. The model proposed
lso indicates a change in the asphericities of the lens
urfaces in order to calculate the average value in the SA
t 25 years. Though the value for the anterior lens sur-
ace asphericity is slightly modified �Ql1=−4.56�, that for
he posterior one is substantially changed from Ql2=−4 to

l2=−1.13, which is in the range of the normal population
ut closer to the values proposed by other schematic eye
odels [9,65,66]. Thus, the resulting value for the SA

hrough the Zernike coefficient value, Z4
0, is similar to the

verage value recently reported [9,79], and it increases
ith age. This shows the known effect regarding the

hange in the compensation of the SA, and even for high-
rder aberrations, between the cornea and the lens
80–85]. The lens geometry and GRIN profile change with
ge, decreasing the negative SA value. However, since the
ornea does not change significantly, the overall SA of the
ye becomes more positive with age, as the lens model in
his study demonstrates.

The eye power was chosen as that determined for a
5-year-old subject, resulting in a value of 61.27 D. This
alue differs by 0.5 D, on average, with respect to previ-
us models, and in some cases up to 1 D [7,22,64–66], but
t agrees with the recent proposal [9] due mainly to the
ifferent eye axial length adopted, which was 23.59 mm
ompared with the widely accepted value of 24 mm. Once
he eye power was kept constant with age, the results
howed that a double modification in the GRIN profile
ust be performed to accomplish this. Thus, we can de-

uce from Fig. 4 that the lens-center-index value de-
reases and that its position along the lens axis also
hanges. This leads to the GRIN profile of the lens becom-
ng more symmetrical along its axis as age increases.

Several works have attempted to explain why the eye
ower maintains its value with age, though the lens sur-
aces become steeper [19,49,50,53,54], i.e., the lens para-
ox. These works explain that a modification in the GRIN
rofile, as well as a change in the lens-center index could
e responsible for it. Thus, Smith et al. [50] assume dif-
erent theoretical parabolic and nonparabolic GRIN pro-
les for the lens-center-index variation along the equato-
ial radius, and they found that it would be necessary to
hange the parameters defining the different profiles to
ccount for the constant eye power over age. Similar con-
lusions from experimental results were proposed by oth-
rs [19,49,53,54]. Furthermore, some works [19,54] claim
n additional needed variation in the lens-center-index
alue as small as 0.01, the same value found in the
resent study. However, recent results seem to indicate
hat the lens-center-index value does not change with age
nd that the size of the central index plateau increases in
ize also with age [21]. Then, the result would be an in-
rease in the steepness of the index variation from the
ens edge to the lens-center plateau with age.

Delving into the explanation of why the lens power re-
ains constant over age, some works [21,50] have dem-

nstrated that the GRIN lens power is the major con-
ributor to the total lens power against the surface power.
herefore, there should be compensation between the
RIN power and the surface lens power—that is, a de-

rease in the GRIN power is needed since the surface
ower augments. Thus, for the age range considered, we
ave calculated the lens-surface power and the GRIN
ower from the ABCD formalism of the optical system in
rder to determine the first-order properties [86,87] (see
ppendix A). This formalism, when applied to a lens hav-

ng a GRIN profile described by isoindicial contours that
re asymmetrical ellipses, gives a total power according
o the expression [86]


L� = 
G� + 
2�AG + 
1�DG − 
1�
2�BG/n, �10�

here 
G� =−neCG is the power corresponding to the GRIN
rofile; 
1� and 
2� are the front and back surface lens pow-
rs, respectively; AG, BG, CG, and DG are the elements of
he GRIN profile ABCD matrix [87]; and ne=1.371 is the
ens-edge-index value.

Table 3 lists according to age the matrix elements, the
owers of the surfaces, the power of the GRIN profile, and
he contribution to the power due to the lens surfaces

L� −
G� � at 555 nm. As seen, it is demonstrated that the
RIN power is the main contributor to the lens power,
nd a decrease in this power is needed to compensate the
ncreasing power by the contribution of the surfaces. In
act, if we assume that the GRIN profile does not change
ith age, i.e., the GRIN profile at 25 years is maintained
ver the age range, we find an increasing eye power with
ge, from 60.97 D to 63.66 D, causing progressive myo-
ia; this supports previously published predictions of an
ncrease in eye power of 2.5–3 D with age [50]. Moreover,
here would be a dramatic worsening in the retinal-image
uality with age for emmetropic subjects at low spatial
requencies due to defocus, which is not observed in the
xperimental data reported in the literature.

The analysis corresponding to the longitudinal eye
hromatic aberration agrees quite well with those works
emonstrating that it is independent of age. The param-
ters characterizing the dispersion of the GRIN profile
roposed do not depend on aging. This confirms our as-
umption of not considering the parameters defining the
RIN distribution to be dependent on aging. Maybe a
ore complex index could include this dependence, but

he present study proves that this is not necessary. More-
ver, we have calculated the CDRx even if the GRIN pro-
le does not change with aging. The results give the val-
es of −1.63 D and −1.65 D for 20 and 65 years,
espectively, at 400 nm and 0.55 D and 0.54 D at 700 nm,
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espectively. Thus, if we compare these values with those
f the chromatic eye (−1.51 D and 0.55 D, respectively), it
ppears that longitudinal eye chromatic aberration is not
ignificantly altered by a change in the GRIN lens profile
ith age.
Finally, the MTF results reasonably predict the values

eported in previous studies [34,35,42]. Differences are
ound mainly in the low spatial frequencies, as reflected
n Fig. 7, with these becoming more noticeable at older
ges. Nevertheless, they are closer to the variation in the
ormal population at medium and high spatial frequen-
ies [34,35]. Our values are calculated as the average be-
ween vertical and horizontal MTFs, while data from
uirao et al. are the radial average taken from the actual

wo-dimensional MTF. A small variation should be ex-
ected if our results were calculated from a radial aver-
ge, since we are using a decentered system having an
symmetrical two-dimensional MTF due to the presence
f astigmatism and coma aberrations. In addition, we
hould bear in mind that the study of Guirao et al. re-
orted results from a double-pass experimental method.
s it is known, this method for determining the MTF in-
ludes ocular scattering [88,89], which could underesti-
ate the values, especially at low spatial frequencies, and

his would become more noticeable with age, as ocular
cattering also increases [88–90]. In fact, our MTF results
ith age are closer to those reported by McLellan et al.

35], particularly at medium and high spatial frequencies.
In addition, we should also recall that we assume a ro-

ationally symmetric cornea, and this is a simplification.
ata reported by some authors [48,91] demonstrate that

he cornea has different curvatures along perpendicular
xes—that is, it shows astigmatism and possibly high-
rder aberrations. Furthermore, we have not considered a
ecentration for the lens, either. As discussed above, there
re results that provide individual lens decentrations
60]. An element decentration in an optical system intro-
uces an additional amount of aberration that is absent
n the present study. All these considerations could con-
ribute to an additional decline in the image quality at
ow spatial frequencies as age increases [81] and to an in-
rease in the values concerning the RMS wavefront found
n this study. The RMS variation found with age, though
ess than that reported in other experimental studies, is
ithin the variation of the normal population. However,

Table 3. Values of the ABCD Matrix Elements (AG
Power „�1�…, Posterior Lens Power „�2�…, Surface Po

„�L� … as A

Age AG BG�mm� CG�D� DG

20 0.99989 3.34731 −10.392 0.96532
25 1.00479 3.45945 −10.4017 0.95941
30 0.99876 3.57997 −10.274 0.96441
35 0.99799 3.69642 −10.209 0.96402
40 0.9977 3.81277 −10.1451 0.96324
45 0.9978 3.92976 −9.9049 0.96254
50 0.966867 4.04563 −10.09 0.95830
55 0.996512 4.16215 −9.9286 0.96203
60 0.995904 4.27847 −9.9102 0.96153
65 0.995524 4.39507 −9.7603 0.96140
e think these model features would belong to a more
ustomized eye model to resemble a particular individu-
l’s retinal-image quality.

. CONCLUSION
n summary, this study proposes a single GRIN profile
hat makes it possible not only to work with a single com-
onent for the whole crystalline lens in current eye mod-
ls but also to account for age-dependent vision defects as
ell as eye chromatic aberration. Furthermore, it pro-
ides an explanation for the lens paradox. This GRIN lens
ould be included in schematic eye models for performing
isual simulations and for making predictions with re-
pect to modern popular ophthalmic surgical procedures,
odeling myopia, and accommodation effects on vision.

PPENDIX A: ABCD MATRIX OF THE
RYSTALLINE LENS
he first-order properties of an optical system are well de-
cribed by the ABCD matrix of the system. The crystal-
ine lens of the human eye is thick and composed of two
spherical surfaces plus a GRIN material. Given that the
RIN profile of the lens is an asymmetrical bielliptic

ype, Pérez et al. have derived the expressions that enable
he calculation of the matrix elements of a slab lens hav-
ng a GRIN profile of that type. That ABCD matrix is
iven by [87]

ABCDG = �AG BG

CG DG
� = �Hf�d� Ha�d�

Ḣf�d� Ḣa�d�� , �A1�

here Ha�d� and Ḣa�d� are the height and the slope, re-
pectively, of an axial ray and Hf�d� and Ḣf�d� are those
orresponding to the field ray, with d being the thickness
f the slab GRIN lens. It then follows that 
G� =−neḢf�d�,
here ne is the refractive index value at the lens edge.
Since the crystalline lens has two curved surfaces, we

an apply the cascade matrix product to obtain the ABCD
atrix of the whole crystalline. Thus, we can calculate

86]

CG, DG) of the GRIN Lens Profile, Anterior Lens
�L� −�G� …, GRIN Power „�G� …, and Total Lens Power
creases


1� (D) 
2� (D) 
L� −
G� (D) 
G� (D) 
L� (D)

3.03 5.96 8.83 14.25 23.08
3.11 5.97 8.93 14.26 23.19
3.19 5.97 8.99 14.09 23.08
3.28 5.98 9.08 14.0 23.08
3.37 5.99 9.17 13.91 23.08
3.47 6.0 9.26 13.58 22.84
3.57 6.0 9.36 13.72 23.08
3.68 6.01 9.46 13.61 23.07
3.79 6.02 9.57 13.59 23.16
3.92 6.03 9.69 13.38 23.07
, BG,
wer „

ge In

6
5

3
1
5
1
8
6
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ABCDL = �AL BL

CL DL
� = R2ABCDGR1 = � 1 0

− 
2�/nv ne/nv
�

��AG BG

CG DG
�� 1 0

− 
1�/ne na/ne
� , �A2�

n which R1 and R2 are the refraction matrices corre-
ponding to the anterior and posterior crystalline sur-
aces, respectively; ABCDG is the GRIN profile matrix;
nd na=nv is the index value of the aqueous and vitreous
umor, respectively, at 555 nm. Therefore, the power of
he GRIN lens will be


L� = − CL = 
G� + 
2�AG + 
1�DG − 
1�
2�BG/ne, �A3�

hich is an equation equivalent to the power of a three-
omponent system (see the Appendix in [86]).
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