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Abstract. The open question regarding the compensation of the ocular aberrations between the cornea and the lens
is currently being investigated. We report additional insights considering the role of the lens gradient-index (GRIN)
profile in third-order ocular aberrations, since this profile changes through life. Thus, we have calculated the con-
tribution of that profile to the ocular aberrations with aging by applying the Seidel third-order theory of tilted and
decentered elements, and by using a schematic-eye model. The results show the GRIN profile is needed to account
for the decoupling of the aberrations between the cornea and the lens because the geometrical changes of the
ocular surfaces with aging are not enough. Therefore, the current developments of aging human-eye models,
as well as the experimental studies, cannot neglect the changes of the lens GRIN structure through life when mod-
elling mechanisms of the compensation of ocular aberrations. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).

[DOI: 10.1117/1.JBO.17.7.075003]

Keywords: gradient index lens; crystalline lens; ocular aberrations; eye model.

Paper 12070 received Feb. 2, 2012; revised manuscript receivedMay 19, 2012; accepted for publicationMay 22, 2012; published online
Jul. 6, 2012.

1 Introduction
The human eye, when considered as an optical system, is a sepa-
rate doublet, i.e. the cornea and crystalline lens, which have an
aperture stop in contact with the first surface of the latter. How-
ever, like many optical systems, the human eye is not free from
aberrations that limit retinal-image quality. Furthermore, the eye
does not maintain its optical geometry with aging, but rather the
corneal and lens surfaces, lens thickness, and the spacing
between the lens and cornea, change as the individual gets
older.1–5 Moreover, it is also known that the lens has a gradi-
ent-index (GRIN) structure,6–11 and this also changes with
age.12–27 For all this, the ocular aberrations change over the
human lifespan, as several studies have demonstrated.18–31

A fundamental question arising from the studies regarding
retinal-image quality concerns the relative contribution to the
ocular aberrations by the cornea and lens. In the design of an
optical system, the individual elements compensate for each
other to form a system having a reasonable optical-image qual-
ity. This is an important feature for the human eye regarding
ophthalmic clinical applications, such as the implant of an
intraocular lens (IOL)32–34 or refractive surgery.35–40 Vertebrate
crystalline lenses have an internal gradient of refractive index
which reduces aberrations, most notably spherical aberration,
and increases the mean refractive power of the lens.41,42 This
gradient reaches its maximum in the eyes of fish where the
lens is spherical.43,44

Studies addressing this aberration reduction have reported a
balance between the corneal aberrations and those from the
internal optics, thus resulting in a smaller amount of ocular aber-
rations for the whole eye,27,45–50 although prior studies suggested
that no such compensation exists.45,51,52 Specifically, there are

works demonstrating that the spherical aberration of the lens
compensates for that of the cornea,53,54 as well as the lateral
(horizontal) third-order coma and horizontal/vertical (H/V)
astigmatism.54,55

Studies on ocular-aberration variations with age show this
compensation is altered between the cornea and the lens in
the eye.22,25–27,31,47,49,54,56–58 Thus, the lens cannot compensate
for the positive spherical aberration of the cornea with increas-
ing age, and the spherical aberration of the eye becomes more
positive with age. This effect is attributed to a passive mechan-
ism resulting from a genetically determined physiology.57 A
third-order coma is another ocular aberration which is partially
compensated for by the internal ocular optics, and an active
mechanism of compensation related with the angle kappa has
been discussed.31,47,54,57,58 Thus, it seems a fine-tuned misalign-
ment between the lens and the cornea is responsible for that
compensation, as has been modelled in emmetropic, myopic,
and hyperopic subjects,49 as well as pseudophakic ones.57

Regarding astigmatism, the compensation of corneal astigma-
tism by internal optics is well-known,59 and some studies sup-
port the idea that this defect is compensated for individually, and
possibly develops with age.54,60

Another key question arising from these studies concerns the
role the lens GRIN profile could play in that compensation. The
results of modelling the effect of the compensation by using eye
models with homogeneous and GRIN lens have shown different
behavior.49,54 Furthermore, there are experimental studies using
magnetic resonance imaging (MRI) which show the lens GRIN
profile changes with age. Thus, the lens has a plateau of constant
index in its center that increases in thickness with aging, and the
GRIN variation would take place in a thinner region in the per-
iphery of the lens. 16 Thus, it would be worthwhile to study the
separate contribution of the GRIN profile to the whole-lens
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compensation as the lens varies its geometry and GRIN profile
as the human eye gets older. Experimentally, this contribution is
difficult to separate from that of the lens surfaces, and thus, a
theoretical approach becomes necessary.

This leads to the use of an accurate aging-eye model includ-
ing a GRIN lens for the calculations. Recently, several works
have been published proposing an aging GRIN lens to be incor-
porated in an eye model.61–64 The one proposed by Goncharov
et al.61 does not come from a systematic study with the age, and
their proposed eye model is a centred optical system, which
would introduce errors in the calculation of the compensation
of ocular aberrations, since the misalignments between the
lens and the cornea have been proven to drive it. Navarro
et al.62,63 proposed a lens GRIN profile which accurately repro-
duces the experimental data fromMRI measurements. However,
since the profile fits in vitro measurements, the model is repre-
sentative for a full accommodative state of the lens, and there-
fore is not appropriate to model an in vivo eye. Moreover, the
proposed lens is not included in a complete eye model showing
misalignments between the ocular elements.

The recent eye model published by Díaz et al.64 is, as far we
know, the most up-to-date model accurately mimicking the aver-
age optical quality of the emmetropic population, and it includes
a GRIN lens profile that also varies with age. This model is not
only a chromatic one, but a decentered model also, which takes
into account several experimental measurements regarding the
relative misalignment of the different ocular surfaces, and could
be useful to model the mechanism of compensation for ocular
aberrations.65

The purpose of this work is to evaluate the contribution of the
lens GRIN profile to the overall compensation of the ocular
aberrations between the cornea and lens throughout life. The
study seeks to determine the main third-order ocular aberrations,
i.e. spherical, lateral (horizontal) coma, and H/V astigmatism.
This will provide better knowledge of the optical performance
of the eye with aging, and improve the modelling of the pro-
posed lens GRIN profile for a more accurate human-eye model.

2 Methods
This section is divided in two parts. First, the eye model used is
briefly described, and second, the calculations of third-order
aberration coefficients is detailed, considering the misalignment

of the cornea and the lens with respect to the iris, as well as the
effect of the lens GRIN profile.

2.1 Human Eye Model

The emmetropic eye model used is representative of the average
population at different ages,64 working with a 555-nm mono-
chromatic light and a pupil diameter of 6 mm. Briefly, the cornea
is an element with rotational symmetry, the iris is decentered
nasally with respect to the corneal axis, and the lens is tilted.
The lens refractive index is modelled by a GRIN distribution
that varies both radially and axially. The thickness, the curvature
of surfaces, and the lens GRIN profile vary with age between 20
and 60 years of age. The data are tabulated in Table 1, and
a layout for the upper view of the right eye at the age of
25 years is shown in Fig. 1.

2.2 Calculation of Third-Order Coefficients

The third-order aberrations were calculated by means of the Sei-
del coefficients. On the one hand, these coefficients enable cal-
culations of the individual contribution of the surface geometry,
the GRIN media66 as well as that of the tilts and decentrations in
the ocular optical components.67 On the other hand, the Seidel
coefficients can be related to Zernike coefficients.68,69

Therefore, their calculus has been divided in two parts. First,
a paraxial raytracing of the principal and marginal rays was per-
formed through the whole-eye model. This enabled calculation
of Seidel coefficients for each aspherical ocular surface. More-
over, this enabled a calculation of the contribution by the lens
GRIN distribution. This contribution can be divided into three
terms: one due to the propagation of light within the lens
(transfer contribution), and two terms due to the refraction
of the wavefront on each surface of the lens (contribution to
refraction).66,70,71 Secondly, the effect that the relative misalign-
ment of the cornea and lens exerts on the Seidel coefficients was
calculated using expressions reported elsewhere.67 This effect
was calculated by adding a term to the Seidel coefficients
which were calculated when all ocular elements were assumed
to be centered.

Thus, the total ocular third-order Seidel spherical, SI, coma,
SII, and astigmatism, SIII, coefficient values are given by:

Table 1 Schematic eye model parameters as a function of age A (in years).

Surface Medium n (555 nm) R (mm) Asphericity Thickness (mm)

1 Cornea 1.376 7.79 −0.24þ 0.003 · A 0.579

2 Aqueous 1.336 6.53 −0.006 · A 3.291 − 0.01 · A

3 (iris)b Aqueous 1.336 — 0

4c Lens n(z)a 112.7 − 0.058 · A −4.56 2.93þ 0.0236 · A

5 Vitreous 1.336 −5.9þ 0.0015 · A −1.13 16.79 − 0.0136 · A

6 (retina)d — — Rx ¼ −12.91 Ry ¼ −12.72 Qx ¼ 0.27 Qy ¼ 0.25 —

aThe equation of the index is nðzÞ ¼ 1.371þ n1ðcosðn2zÞ − 1Þ þ n3 sinðn4zÞ þ n5ðx2 þ y2Þ, and the index coefficients, n1, n2, n3, n4, and n5 depend
on age A, which are tabulated in Table 2 in Ref. 64.
bThe iris is decentered −0.3 mm along the x-axis; that is, it is decentered 0.3 mm nasally.
cThe lens is tilted −4 deg about the y-axis containing its center; that is, the lens axis is 4 deg to the temporal space object.
dThe retina is an ellipsoid tilted −11.5 deg about the y-axis and −3.6 deg about the x-axis.
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SIeye ¼ SIGRIN þ SIdecenter∕tilt SIIeye ¼ SIIGRIN þ SIIdecenter∕tilt SIIIeye ¼ SIIIGRIN þ SIIIdecenter∕tilt (1)

into which the GRIN profile contribution and that of the tilted
and/or decentered components are divided. These terms are cal-
culated as detailed below.

The commercial software ZEMAX-EE72 was used to
perform the raytracing. We used the right eye, and therefore con-
sidered the fovea was at 5 deg. in the temporal retinal side.

2.2.1 Seidel coefficients for aspherical ocular surfaces

All ocular surfaces in the eye model have a conical shape.
Therefore, each surface was considered centered in the expres-
sions used to determine the Seidel coefficient value for each
surface. These will be useful later when considering their
misalignment. The expressions are:

SIk;cent ¼ −ðnkik;mÞ2yk;m
�
u 0
k;m

n 0
k
−
uk;m
nk

�
þ ðn 0

k − nkÞQkc3k;0

SIIk;cent ¼ −ðn2kik;mik;pÞyk;m
�
u 0
k;m

n 0
k
−
uk;m
nk

�

þ
�
yk;p
yk;m

�
ðn 0

k − nkÞQkc3k;0

SIIIk;cent ¼ −ðnkik;pÞ2yk;m
�
u 0
k;m

n 0
k
−
uk;m
nk

�

þ
�
yk;p
yk;m

�
2

ðn 0
k − nkÞQkc3k;0;

(2)

in which i and u are the incidence and the slope angles, of the
paraxial raytracing, respectively, where the sub-indices m and
p correspond to the axial marginal and principal rays; n is the
refractive index of the incidence medium at the pole of the sur-
face; Qk is the asphericity of the surface; ck;0 the curvature
of the surface; and the primes are used for the corresponding
values of the variables after refraction. The sub-index k iden-
tifies the particular ocular surface (Fig. 1).

2.2.2 Calculation of decentration and/or tilt contribution
for the cornea and lens

The second term in Eq. (1) is related to the effect of the mis-
alignment of the cornea and the lens relative to the iris. The cor-
nea is decentered, and the lens is decentered and tilted with
respect to the iris. Therefore, two raytracings are needed in
order to establish the value for the Seidel coefficients at each
surface given in Eq. (2). The first raytrace yields the slope
and height of the marginal and principal rays in each surface
considering the whole eye as a centred system. This was

Fovea
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tilted lens

IrisDecentered
cornea

Single GRIN Profile

z

y
1 2

3
4

Fig. 1 Upper view layout corresponding to the right eye at the age of 25
years. The gradient-index (GRIN) profile is also shown at that age. The
isoindicial contours from the edge to the core correspond to the values
1.371, 1.381, 1.391, 1.401, and 1.411 The evolution of the GRIN pro-
file in the model eye at other ages can be seen in the Ref. 64. Numbers
at each ocular surface are only for indexing purposes.
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Fig. 2 (a) The anterior corneal surface decentered. In this case the object is at infinity. (b) The posterior corneal surface decentered. In this case the
object is at a finite distance, and the method in Ref. 67 can be applied.
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done by using ZEMAX-EE up to the anterior lens surface, and
by using the ABCD matrix for the transfer of light to the poster-
ior lens surface (next subsection). Finally, the standard paraxial
equations for refraction were applied to the second lens surface.
The second raytrace is a finite one that corresponds to a ray pro-
pagating through the decentered system as if it was the optical
axis of the centered system.67 This was done entirely by using
ZEMAX-EE.

Regarding the cornea, it is a decentered element with respect
to the iris, and for the anterior surface, the object is at infinity.
Thus, the Seidel coefficients are calculated in a slightly different
way, as proposed in Ref. 67. For the anterior corneal surface, a
decentration does not change the angle of the principal ray, just
its height. Therefore, we must only apply a shift of the stop for
getting the original height of the principal ray before the decen-
tering [Fig. 2(a)]. Thus, the Seidel coefficients for the decentered
anterior surface are:

SIcornea1;dec ¼ SIcornea1;cent

SIIcornea1;dec ¼ SIIcornea1;cent þ
Δyp
ym

SIcornea1;cent

SIIcornea1;dec ¼ SIIIcornea1;cent þ 2

�
Δyp
ym

�
SIIcornea1;cent

þ
�
Δyp
ym

�
2

SIcornea1;cent ;

(3)

in which ym is the height of the marginal ray at the first corneal
surface, and Δyp ¼ y�p − yp ¼ e is the change in the principal
ray height, due to the position shift of the entrance pupil to attain
the old height [Fig. 2(a)]. In the case of the posterior corneal
surface, the method reported67 was followed, and the Seidel
coefficients were calculated by:

SIcornea2;dec ¼ SIcornea2;cent

SIIcornea2;dec ¼
�
hþ e
h0

�
SIIcornea2;cent þ

�
e
ul

�
SIcornea2;cent

SIIcornea2;dec ¼
�
hþ e
h0

�
2

SIIIcornea2;cent

þ 2

�
e
ul

��
hþ e
h0

�
SIIcornea2;cent þ

�
e
ul

�
2

SIcornea2;cent ;

(4)

in which h0 is the field (object) position, and h is that position
after decentration, e is the decentration, l is the distance of the
entrance pupil to the surface, and u is the marginal axial ray
angle [Fig. 2(b)].

The lens is a decentered and tilted element. Therefore, the
corresponding coefficients values for each surface (i ¼ 3, 4)
are calculated using the following equations,67 from those
when the lens is centered [Eq. (2)]:

SIlensi;d∕t ¼ SIlensi;cent

SIIlensi;d∕t ¼
�yp;i − up;iDþ lðyp;iup;i

− yz;i
uz;i

þDÞ
− yp;i

up;i
þ ym;i

um;i

#
SIIlensi;cent

þ
"
lðyp;iup;i

− yz;i
uz;i
Þ

um;iD

#
SIensi;cent

SIIIlensi;d∕t ¼
"
yp;i − up;iDþ lðyp;iup;i

− yz;i
uz;i

þDÞ
− yp;i

up;i
þ ym;i

um;i

#
2

SIIIlensi;cent

þ 2

"
lðyp;iup;i

− yz;i
uz;i
Þ

um;iD

#

×

"
yp;i − up;iDþ lðyp;iup;i

− yz;i
uz;i

þDÞ
− yp;i

up;i
þ ym;i

um;i

#
SIIlensi;cent

þ
"
lðyp;iup;i

− yz;i
uz;i
Þ

um;iD

#
2

SIlensi;cent;

(5)

in which (um;i, ym;i) and (up;i, yp;i) are the slope and the heights,
respectively, of the marginal, principal rays at the i (¼3, 4) sur-
face established by paraxial raytracing; (uz;i, yz;i) is the slope
and height, respectively, of a ray at each lens surface as if it
was the optical axis determined by finite raytracing (Fig. 3);
D is the distance to the entrance pupil (iris) from the intersection
of the tilted axis of the lens with that of the entrance pupil, and
finally, l is the distance from the object to the entrance
pupil, (Fig. 4).

2.2.3 Calculation of GRIN profile contribution

Since the human crystalline lens is a GRIN one, we know there
is a contribution to the Seidel coefficients when the light refracts
from/to a GRIN media, as well as another contribution from the
propagation of light inside the GRIN element to the posterior
surface.66 The contribution to the refraction has a similar effect
of working with an aspherical surface instead of a spherical one
in the case of dealing with homogeneous media. Thus, we can
calculate the first term of Eq. (1) as follows:

optical
axis

z,1
y z,2

y z,3
y

z,4
y

z,1
u

z,2
u z,3

u
z,4

u
y

z

Fig. 3 Finite raytracing corresponding to a ray coinciding with the
optical axis when the system is centered.67 Only the angle and height
values at each crystalline lens surfaces are needed when applying
Eq. (5).
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SIGRIN ¼
X4
i¼3

SIrefraci;GRN þ SItransferGRIN

SIIGRIN ¼
X4
i¼3

SIIrefraci;GRN þ SIItransferGRIN

SIIIGRIN ¼
X4
i¼3

SIIIrefraci;GRN þ SIIItransferGRIN ;

(6)

in which

SIrefrac3;grin ¼ y43;mð0Þ
��

4c3;0n1ð0Þ þ c23;0
∂n0ðzÞ
∂z

����
z¼0

�

þ 2c3;1ðn0ð0Þ − naqueousÞ
�

SIIrefrac3;grin ¼ y33;mð0Þy3;pð0Þ
��

4c3;0n1ð0Þ þ c23;0
∂n0ðzÞ
∂z

����
z¼0

�

þ 2c3;1ðn0ð0Þ − naqueousÞ
�

SIIIrefrac3;grin ¼ y23;mð0Þy23;pð0Þ
��

4c3;0n1ð0Þ þ c23;0
∂n0ðzÞ
∂z

����
z¼0

�

þ 2c3;1ðn0ð0Þ − naqueousÞ
�

SIrefrac4;grin ¼ −y44;mðdÞ
��

4c4;0n1ðdÞ þ c24;0
∂n0ðzÞ
∂z

����
z¼d

�

þ 2c4;1ðnvitreous − n0ðdÞÞ
�

SIIrefrac4;grin ¼ −y34;mðdÞy4;pðdÞ
��

4c4;0n1ðdÞ þ c24;0
∂n0ðzÞ
∂z

����
z¼d

�

þ 2c4;1ðnvitreous − n0ðdÞÞ
�

SIIIrefrac4;grin ¼ −y24;mðdÞy24;pðdÞ
��

4c4;0n1ðdÞ þ c24;0
∂n0ðzÞ
∂z

����
z¼d

�

þ 2c4;1ðnvitreous − n0ðdÞÞ
�

(7)

are the GRIN profile contributions due to refraction at each
crystalline lens surface, and

SItransferGRIN ¼þN0ð0Þymð0Þu3mð0Þ−N0ðdÞymðdÞu3mðdÞ

− 2

Z
d

0

4N2ðzÞy4mðzÞþ 2

Z
d

0

N1ðzÞy2mðzÞu2mðzÞdz

−
1

2

Z
d

0

N0ðzÞu4mðzÞdz

SIItransferGRIN ¼þN0ð0Þymð0Þu2mð0Þu2pð0Þ
−N0ðdÞymðdÞu2mðdÞu2pðdÞ

− 2

Z
d

0

4N2ðzÞy3mðzÞypðzÞ

þ
Z

d

0

N1ðzÞumðzÞypðzÞðymðzÞupðzÞ

þ umðzÞypðzÞÞdz

−
1

2

Z
d

0

N0ðzÞu3mðzÞupðzÞdz

SIIItransferGRIN ¼N0ð0Þymð0Þumð0Þu2pð0Þ
−N0ðdÞymðdÞumðdÞu2pðdÞ

− 2

Z
d

0

4N2ðzÞy2mðzÞy2pðzÞdz

þ 2

Z
d

0

N1ðzÞymðzÞu2mðzÞypðzÞu2pðzÞdz

−
1

2

Z
d

0

N0ðzÞu2mðzÞu2pðzÞdz
(8)

are the GRIN profile contributions due to light propagating
through the crystalline lens to the posterior surface.

In Eqs. (7) and (8), d is the thickness of the lens; uðzÞ and
yðzÞ are the slope and the height, respectively, of the paraxial
rays at a position z inside the lens, where the sub-indices m
and p refer to the marginal and principal rays, respectively;
the parameters ci;1 ¼ −1∕2c3i;0ð

ffiffiffiffiffiffiffiffiffi
−Qi

p þ 1Þwith i ¼ 3; 4, are
the first off-axis curvature of each hyperbolic lens surface,73

ci;0 being its curvature and Qi its asphericity; N0, N1, and
N2 are the GRIN profile coefficients as a function of position
z, assuming a rotationally symmetric GRIN medium, i.e.
nðr; z; λ Þ, as is the case for the lens as:

nðz; r; λÞ ¼ n0ðz; λÞ þ
X
j

Njðz; λÞr2j; (9)

in which, for the crystalline lens model,64 r2 ¼ x2 þ y2, N1 is a
constant value and Nj ¼ 0 if j ≥ 2.

It is known that, up to the date of the software version used
here (December, 2010), ZEMAX-EE did not correctly calculate
the paraxial raytracing when the optical system dealt with GRIN
media. Hence, the slope and the height of both marginal and
principal rays were wrongly traced to the posterior surface of
the lens. This means that these values cannot be used in
Eq. (7) and (8). However, the use of the ABCD matrix of the
lens70,71 permits them to be determined; therefore, the contribu-
tion of the GRIN profile to the refraction at the posterior lens
surface, as well as the light transfer, can be calculated.

Thus, the slope and the height of a ray at any point within a
rotational symmetric GRIN medium can be determined by using
the parabolic approximation as follows:70

l

Object

centered
lens

lens
axis

Decentered and
tilted lens

principal
ray

D
Entrance pupil

h

Fig. 4 Parameters defined when a lens is decentered and tilted in
applying Eq. (5), following Ref. 67.
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�
yðzÞ
uðzÞ

�
¼

�
AðzÞ BðzÞ
CðzÞ DðzÞ

��
yð0Þ
uð0Þ

�

¼ ABCDGRINðzÞ
�
yð0Þ
uð0Þ

�
;

(10)

where uð0Þ and yð0Þ are the slope and the height, respectively, of
the ray after refraction at the first surface of the lens. Therefore,
the slope and the height of a paraxial ray at the posterior human-
lens surface can be calculated by using

�
y4ðzÞ
u4ðzÞ

�
¼

�
AðzÞ BðzÞ
CðzÞ DðzÞ

��
y3ð0Þ
u3ð0Þ

�

¼ ABCDGRINðzÞ
�
y3ð0Þ
u3ð0Þ

� (11)

with z ¼ d, d being the thickness of the GRIN medium, i.e. the
lens thickness at a given age, and where

ABCDGRINðzÞ ¼
"
1þ βz2 z

2

�
1þ Noð0Þ

NoðzÞ þ βz2
�

2βz Noð0Þ
NoðzÞ þ βz2

#
(12)

with

βðzÞ ¼
R
z
0 N1ðωÞdω

dNoðzÞ − 2
R
z
0 N1ðωÞω2dω

: (13)

Therefore, the Seidel coefficients for the cornea are calcu-
lated adding Eqs. (3) and (4):

Xcornea ¼
X2
i¼1

Xcornea
i;dec : (14)

Seidel coefficients for the lens are calculated by adding
Eqs. (5), (7), and (8), this applied to each lens surface:

Xlens ¼
X4
i¼3

�
Xlens
i;d∕t þ Xrefrac

i;GRIN

�
þ Xtransfer

GRIN ; (15)

and finally, Eq. (1) can be written by taking into account
Eqs. (14) and (15) as:

Xeye ¼ Xcornea þ Xlens: (16)

In Eqs. (14)–(16), X stands for SI (spherical), SII (lateral
coma) and SIII (H/V astigmatism) Seidel coefficients.

2.3 Zernike Coefficients

Seidel third-order aberrations help to express the wavefront
aberration as a function of Cartesian coordinates in the pupil.
Today, it is well-known that the widely accepted way to express
the ocular aberrations is by means of the Zernike coefficients.74

Therefore, the Seidel coefficients have been expressed in terms
of the approximate corresponding fourth-order Zernike coeffi-
cient counterparts using the following relationships:68,69

C0
4 ¼

SI

6
ffiffiffi
5

p ; C1
3 ¼

SII

6
ffiffiffi
2

p ; C2
2 ¼

SIII

2
ffiffiffi
6

p :

These expressions will be referred to here as fourth-order
spherical, lateral (horizontal) coma, and H/V astigmatism,
respectively. In addition, the fourth-order Zernike coefficients
were scaled by using the relationships published else-
where,75–77 when compared with those found in the experimen-
tal works with a smaller pupil. Table 2 lists the notation
corresponding to the different Zernike coefficients when used
for calculating different contributions from surfaces or from
GRIN lens profile, for analyzing the results, and it also
shows how they were calculated.

3 Results

3.1 Optical Surfaces and GRIN Separated
Contributions to Ocular Aberrations

Figure 5 shows the results corresponding to the fourth-order
spherical aberration, lateral coma, and H/V astigmatism.
These were calculated for both aspherical surfaces of the decen-
tered cornea and for those of the misaligned lens, the contribu-
tion of the GRIN profile to refraction in both lens surfaces,
contribution to light transfer through the GRIN, and finally,
for the whole eye.

It can be seen that the coefficients values calculated for the
cornea change with age and range from 0.19 to 0.28 microns for
C0
4;cornea, from 0.20 to 0.10 microns for C1

3;cornea, and from −0.03
to −0.003microns for C2

2;cornea. The variation found for the sphe-
rical aberration agrees with the data previously reported.

Table 2 Zernike coefficients corresponding to the contribution from the aspherical ocular surfaces, from the GRIN lens profile, and for the whole eye,
determined from the Seidel coefficients counterpart.

Surfaces GRIN

OcularCornea Lens Refraction Transfer

C0
4;cornea ¼ SIcornea

6
ffiffiffi
5

p C0
4;lens ¼

P
4
k¼3 SI

lens
k;d∕t

6
ffiffiffi
5

p C0
4;GRINS ¼

P
4
k¼3 SI

refrac
k;GRIN

6
ffiffiffi
5

p C0
4;GRINT ¼

SItransferGRIN

6
ffiffiffi
5

p C0
4 ¼ SIeye

6
ffiffiffi
5

p

C1
3;cornea ¼ SIIcornea

6
ffiffiffi
2

p C1
3;lens ¼

P
4
k¼3 SII

lens
k;d∕t

6
ffiffiffi
2

p C1
3;GRINS ¼

P
4
k¼3 SII

refrac
k;GRIN

6
ffiffiffi
2

p C1
3;GRINT ¼

SIItransferGRIN

6
ffiffiffi
2

p C1
3 ¼ SIIeye

6
ffiffiffi
2

p

C2
2;cornea ¼ SIIIcornea

2
ffiffiffi
6

p C2
2;lens ¼

P
4
k¼3 SIII

lens
k;d∕t

2
ffiffiffi
6

p C2
2;GRINS ¼

P
4
k¼3 SIII

refrac
k;GRIN

2
ffiffiffi
6

p C2
2;GRINT ¼

SIIItransferGRIN

2
ffiffiffi
6

p C2
2 ¼ SIIIeye

2
ffiffiffi
6

p
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The values calculated for the lateral coma and H/V astigma-
tism should be taken with caution, since the cornea assumed in
the model is spherical, and the experimental coefficients deter-
mined for the cornea are measured using different reference
points,78 and are often reported for the anterior corneal surface.
In fact, the calculated values from its posterior surface for all the
aberrations are small (about one order of magnitude). Neverthe-
less, the values reported in this work can be used to estimate the
compensation made by the lens.

From the same figure, several findings can be highlighted
since the calculation of the coefficients values allowed the
separation of the contribution from the aspherical surfaces (cor-
neal and lenticular surfaces) as well as that from the GRIN

profile. Thus, it can be seen that the main contribution to the
ocular coefficients values corresponding to C0

4, C
1
3, and C2

2 is
given by the GRIN profile to the refraction at the lens surfaces,
i.e. C0

4;GRINS, C
1
3;GRINS, C

2
2;GRINS. These values for the three ocu-

lar aberrations are negative and basically independent of the age,
their magnitude being about −0.37microns, −0.38microns, and
−0.11 microns, for the spherical, horizontal coma, and H/V
astigmatism, respectively. The contribution corresponding to
the light transfer through the GRIN profile does not seem to
depend on aging either. This contribution has the value of
0.042 microns for C0

4;GRINT, −0.07 microns for C1
3;GRINT, and

0.035 microns for C2
2;GRINT. Finally, the values for C0

4;lens,
C1
3;lens, and C2

2;lens decrease with age. That is, the spherical aber-
ration associated with the optical geometry of the lens surfaces
decreases clearly with age from 0.20 to 0.13 microns, 0.13 to
0.08 microns for the horizontal coma, and 0.018 to 0.01 microns
for the H/V astigmatism.

3.2 Compensation Between the Cornea and Lens

The calculation of the different contributions to the aberration
coefficients enables an investigation of the effect of the aberra-
tion compensation between the lens and the cornea. Particularly,
Fig. 6 presents the corneal spherical aberration value, C0

4;cornea,
and that of the lens, C0

4;lens þ C0
4;GRINS þ C0

4;GRINT. It is clear that
the corneal spherical aberration increases with the age. In addi-
tion, abberration of the lens also increases, but has the opposite
sign and not enough increasing ratio as with the cornea. There-
fore, the spherical aberration generated by the cornea will not be
fully compensated for. However, the total ocular fourth-order
aberration does not augment with aging (from 0.066 to 0.089
microns, with a mean value of 0.077 microns). This agrees
with experimental studies such as those of Atchison and Mark-
well29 (mean value of 0.061 microns, at a 5-mm pupil, 0.082
microns scaled in this study), Plainins and Pallikaris (ranking
form −0.22 to 0.26 microns at a 6-mm pupil), Cheng et al.79

(0.132 microns at a 6-mm pupil), He et al.21 (0.06 microns at
a 6-mm pupil), or Radhakrishnan and Charman28 (mean
value of 0.034 microns at a 4.5-mm pupil, 0.053 microns scaled
in this study), and it is about one-half of that in other
studies.17,18,20,22,23,25,26,54,56

The lens does not compensate for the horizontal corneal
coma, since its value, C1

3;lens þ C1
3;GRINS þ C1

3;GRINT, increases
in magnitude with an opposite sign and a higher ratio compared
to C1

3;cornea, which decreases (Fig. 6). Those values range from
−0.13 to −0.28 microns while for the corneal horizontal coma
declines with age from 0.2 to 0.09 microns. The trend of these
values agrees with that reported in different studies, but the mag-
nitude of the values is greater than some of them, even when the
studies consider the third- and fifth-order root-mean-square
(RMS) values.24,28,29,54,80. Other studies agree with our results
when considering mean values.56,81

Finally, Fig. 6 also shows that the H/V astigmatism of the
lens, C2

2;lens þ C2
2;GRINS þ C2

2;GRINT, is almost constant (a value
around −0.07 microns) with aging. Thus, the lens astigmatism
does not compensate for that of the cornea, C2

2;cornea. However,
the magnitude of this aberration value compared to the others is
very low.

3.3 Analysis of the GRIN Profile Role

The effect of the GRIN profile was also analyzed by represent-
ing its relative contribution (both refraction and light transfer)

Fig. 5 Coefficient values corresponding to the fourth-order spherical
aberration (top), horizontal coma (middle), and H/V astigmatism
(bottom), calculated for the cornea, lens surfaces, contribution of the
gradient-index (GRIN) profile to refraction in both lens surfaces, contri-
bution to light transfer through the GRIN lens, and finally, the complete
eye.
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compared to the joint optical ocular surfaces of the cornea and
the lens (Fig. 7). Regarding the spherical aberration, the GRIN
profile contribution, C0

4;GRINS þ C0
4;GRINT, is almost constant and

cannot compensate for the contribution corresponding to the
optical surfaces, C0

4;cornea þ C0
4;lens, which slightly increases

with age due to the change in the optical geometry of the corneal
and the lenticular surfaces.2,3 However, the GRIN profile over-
compensates for the effect of the horizontal coma, caused by the
optical surfaces, and thus, the overall ocular coma. That is, the
GRIN contribution, C1

3;GRINS þ C1
3;GRINT, has a different sign

and compensates for the horizontal coma that comes from
the surfaces, C1

3;cornea þ C1
3;lens, leading to an overall increase

with age (−0.13 to −0.28 microns). This value is slightly higher
compared to those reported in experimental studies,28,29,49,82

although, the variation agrees with others.57,80,83

In the case of the H/Vastigmatism, both contributions, that of
the GRIN profile, C2

2;GRINS þ C2
2;GRINT, and that of the optical

surfaces, C2
2;cornea þ C2

2;lens, add up to 30 years, and then have
opposite signs (Fig. 7). The value corresponding to the optical
surfaces increases with age, while that corresponding to the
GRIN profile is almost constant, and thus the astigmatism
would seem to decrease through life. However, it can be seen
that the magnitude of the value is small compared to those of
the spherical and horizontal coma, supporting the claim that
the astigmatism is not so important in central vision, at least
for emmetropic eyes.

4 Discussion
Several experimental studies have demonstrated the robustness
of the design of the human eye to compensate for ocular aberra-
tions between the different elements. Thus, corneal aberrations,

Fig. 6 Corneal aberrations compensation by the lens: spherical aberra-
tion (top), horizontal coma, and horizontal/verticle (H/V) astigmatism
(bottom). Fig. 7 Role of the gradient-index (GRIN) profile in the compensation

for the ocular aberrations induced by ocular surfaces: spherical aberra-
tion (top), horizontal coma, and horizontal/vertical (H/V) astigmatism
(bottom).
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particularly spherical aberration and horizontal coma, are par-
tially compensated for by the decentered and tilted lens, as
well as decentration of the pupil. Moreover, the change of
that compensation between cornea and internal optics has
been postulated to be partially dependent on the variation in
the lens geometry, in the alignment with respect to the cornea,
as well as in the GRIN profile throughout life.31,47,54,57,58

A number of studies have contended that the fourth-order
spherical aberration does not vary with age22,29 while others
hold that it does.28,31,80 This study also demonstrates that the
lens cannot fully compensate for the spherical aberration of
the cornea. However, it makes the total value retain its value
with age. Notably, the change of the GRIN profile with
aging is responsible for this effect, since the optical surfaces
of the lens by themselves could not do so. The modelling
shows that the corneal and the lens surfaces add to the spherical
aberration with the age. However, since the lens-surface contri-
bution decreases, this cannot account for the variation of the
ocular spherical aberration.58 In addition, the fourth-order sphe-
rical aberration is not affected by the decentration and tilt
between the cornea and lens with respect to the iris, as
shown in the Eqs. (3)–(5). This could support the hypothesis
that the role of the GRIN lens profile is that of a passive phy-
siological mechanism, having a genetic origin, as has been
postulated by other authors.54 Moreover, the most relevant
term in the compensation is that of the GRIN profile contribu-
tion to the refraction, in contrast to the transfer term, which has a
small one. This could indicate the minor effect on the spherical
aberration of the refractive-index axial variation within the lens.
However, when Eqs. (7) and (8) are taken into account, this axial
variation is found to be responsible not only for the aberration
contribution to the wavefront through the lens, but also for the
refraction. Thus, a coupling effect of the geometry of the lens
surfaces and the GRIN profile, given by Eq. (7), appears to
be determinant in the compensation of the spherical ocular
aberration.62,63 Therefore, since the asphericities of the surfaces
drive the contribution, reliable measurements are needed, as has
been pointed out previously.58

Regarding the corneal horizontal coma, there are studies
reporting no significant variation with age.29,31 The modelling
reported in the present work indicates that the corneal horizontal
coma does indeed diminish slightly throughout life, with a mean
value of 0.17 microns. Nevertheless, it should be taken into
account how these values are calculated compared to those
from experimental studies. In the latter, the keratometric axis
sets the anterior corneal pole in a different position from that
of the corneal model. The rotation for correcting this reference
point adds changes in the measured values for the corneal
horizontal coma, which are not considered in the model eye.
Internal optics does help to compensate slightly for the corneal
coma, and thus, an increase arises with age. Again, the GRIN
profile contribution to the horizontal coma is almost constant
and it has an opposite sign compared to that from the optical
surfaces. Horizontal coma is affected by the kappa angle, and
this angle affects the coupling with the spherical aberration,
as reflected by Eq. (5). Thus, it is conceivable that a fine tuning
in the compensation between the cornea and lens may occur in
individual subjects by varying the angle kappa, as several stu-
dies have shown.31,49 Therefore, an active mechanism could take
place in order to balance the spherical aberration with the ocular
horizontal coma.

Finally, regarding the H/Vastigmatism, although the trend is
consistent with that reported in the literature, it should be
discussed from a more conservative viewpoint. Moreover,
this ocular aberration is of less relevance, since spherical and
coma are the most important ocular aberrations limiting
image quality in humans.47 In this regard, it should even be
noted that our model has a rotationally symmetric cornea,
which does not take into account the corneal astigmatism.
This may overestimate the value of the compensation of astig-
matism by the lens. However, if only the contribution of the lat-
ter is considered, again the relevant term is the contribution of
the GRIN profile to the refraction. In addition, the coupling of
spherical aberration and coma through the offset and rotation
must be taken into account, as shown by Eq. (5).

The notable weight that the GRIN profile has on the com-
pensation of the aberrations between the cornea and the lens
reveals that its role cannot be neglected in that compensation.
Thus, optical surfaces themselves cannot explain the failure
in the balance for the ocular aberrations, particularly for the
horizontal coma. A recent modelling has been made along
this line, considering both the cornea and lens as spherical
thin lenses,31,49,58 and it has been concluded that better knowl-
edge of the changes in the lens-surface asphericities and GRIN
profile could support a better understanding of that decoupling.
Although those studies could have considered the aspherical
thin lenses,84 for which the horizontal coma is not linear with
the shape factor because of coupling with the spherical term
[Eq. (5)], this study agrees that the role played by the GRIN
profile appears to be fundamental.

In summary, current eye models are based on experimental
data regarding the geometrical surface parameters as well as the
GRIN profile. Then, optimisation methods are performed based
on the aberration data gained experimentally as well. Several
degrees of freedom can be set in the eye models to fit the experi-
mental data. However, more reliable measurements regarding
the misalignments between the lens and the cornea, the lens-
surface geometry and, particularly, the GRIN profile, are needed
to get an accurate eye model. The aging GRIN profile equation
proposed recently for the human lens64 seems robust enough to
formulate a better aging-eye model,65 including misalignments
between ocular elements as well as non-rationally symmetric
surfaces. Moreover, the modelling of this study has demon-
strated the coupling of the asphericities of the lens surfaces
with the GRIN profile, providing the main factor in balancing
the ocular aberrations.

5 Conclusion
This paper presents a modelling study, based on an aging-eye
model, of the time course of the third-order spherical aberration,
horizontal coma, and H/V astigmatism, by including misalign-
ments between ocular elements and a GRIN lens. The role of a
GRIN lens profile is revealed from its main contribution to all
the ocular aberrations studied. Moreover, the GRIN profile
should be taken into account because the contribution of the
lens optical surfaces alone fails to explain the decoupling of
the aberrations between the cornea and the lens.
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