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PURPOSE. To estimate the contribution of 3-dimensional (3D) lens geometry and gradient
refractive index (GRIN) to the lens spherical aberration (SA) with age.

METHODS. A total of 35 donor human lenses (19–71 years) were imaged with 3D-spectral
optical coherence tomography (sOCT). Paraxial and nonparaxial back focal length were
measured with laser ray tracing (LRT). The parameters of a 4-variable 3D GRIN model were
reconstructed from the data using a global search algorithm. Spherical aberration was
calculated for GRIN lenses and their corresponding homogeneous lenses.

RESULTS. Lens thickness and radii of curvature increased significantly with age. Negative
anterior conic constant shifted toward more-positive values (slope: 0.228, P < 0.001),
whereas posterior values remained almost constant (slope: 0.0275, P ¼ 0.002). We found a
minor decrease and a small significant increase of nucleus and surface refractive index,
respectively. The GRIN meridional power exponent had a tendency to increase, indicating a
flattening of GRIN distribution, whereas the axial exponent remained almost constant. We did
not find a significant age-dependence of the equivalent index. The back focal length had a
significant increase with age (P < 0.001). The SA shifted toward less-negative values (slope:
0.0249, P < 0.001) at higher rates when considering the reconstructed GRIN (slope: 0.041, P

< 0.001).

CONCLUSIONS. Three-dimensional sOCT and LRT allowed reconstruction of lens geometry and
GRIN in isolated lenses. The constancy of the GRIN axial power exponent, and the opposite
slopes of surface and nucleus indices with age, explain the minor variations of the average
index. Both geometrical changes and increase in the GRIN meridional power exponent
contribute to the age-dependent shift of negative SA.
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The human crystalline lens determines, along with the
cornea, the quality of the image projected on the retina.

The optical properties of the crystalline lens depend on its
geometrical properties and its gradient refractive index
distribution.

With age, the human lens undergoes various physical,
biometrical, and optical changes.1 Physical and biometrical
changes are well documented as ongoing processes throughout
life.2–9 The lens gets thicker and its surface steeper, and mass
and volume increase linearly. Also, the lens gets stiffer with age,
which eventually leads to presbyopia, the loss of the capability
of the eye to dynamically focus near and far targets.

The geometrical and refractive index changes in the lens
result in changes of the optical properties of the eye with age;
in particular, the overall spherical aberration (SA) of the eye
shifts toward more positive values.7,10,11 This change in lens SA
leads to age-related loss of the corneal/lens SA compensation
and a decrease of the optical performance.12–15

For unaccommodated eyes in vivo, it was shown that the
radius of curvature of the crystalline lens decreases with
age.2,4,8 However, despite this steepening of the relaxed lens,
there is no evidence of the eye becoming more powerful with
age (a fact known as lens paradox16). It has been often
postulated that the steepening of the lens is compensated with
changes in the equivalent refractive index,8,17,18 which is

supported by experiments that combine phakometric, biomet-
ric, and refractive error measurements in vivo.2,5,6 On the other
hand, measurements of isolated lenses in vitro revealed either
constant equivalent refractive index with age,7 or a biphasic
behavior with a linear regression up to the breakpoint at age
60.4 years, after which the refractive index remained relatively
constant.19 As isolated lenses in vitro are maximally accommo-
dated,20 the surfaces of young lenses appeared more curved,
and flattened with age, at least until a presbyopic age.1,19

Although a potential change of the equivalent refractive
index must arise from changes in the distribution of the
gradient index, the age-related changes in the refractive index
have been most often assessed from comparisons of the
estimated power of the eye (from geometrical and biometrical
measurements of cornea and lens) and the measured ocular
refraction in vivo,2 or of phakometric and lens power
measurements in vitro.19

Undoubtedly, a full understanding of the changes in the
crystalline lens index with age, and its role in the optical
properties of the lens must be obtained from experimental
measurements of the gradient refractive index (GRIN).
Previous studies report GRIN measurements for various
species (fish,21–23 rat,24 cat,25 rabbit,26 porcine,27–29 and
human30–34) using destructive methods18,34,35 and nonde-
structive methods, such as ray tracing,21,24,27,29 magnetic

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.

www.iovs.org j ISSN: 1552-5783 2599



resonance imaging (MRI),21,31,32 and optical coherence
tomography (OCT).23,28,30,36

Measurements of GRIN versus age on human lenses are
scarce, and often offer conflicting results. Pierscionek,34 using
a fiber-optic sensor, found that the equatorial edge index, but
not the pole index, varied linearly with age. Hemenger et al.,8

using Purkinje imaging, estimated a flatter profile in the
refractive index near the lens center in older lenses than in
younger lenses. Jones et al.,31 using MRI, found a flattening of
the refractive index profile in the central region with
increasing age, accompanied by a steepening of the profile in
the periphery. These results agree with more recent estima-
tions by de Castro et al.,30 using a 2-dimensional (2D) OCT-
based method, which found surface and nucleus refractive
indices to be constant with age, but a GRIN profile more
distributed in the young lens, and an increase of the central
plateau with increasing age.

It has been suggested that GRIN plays a major role in the
magnitude of SA of the lens. Jagger22 proposed that the GRIN
distribution balanced the lens’ surface SA. Kröger et al.37

demonstrated the relative contribution of the lens surface and
GRIN on SA in fish lenses. In porcine lenses, the estimated SA
was predominantly for lenses with a reconstructed GRIN, but
positive when considering a homogeneous equivalent refrac-
tive index instead; thus, demonstrating a compensation effect
by the GRIN distribution.36

Similarly, in cynomolgus monkey eyes, the lens SA was
negative when calculated using an experimentally estimated
GRIN distribution and differed in magnitude from that
calculated using a homogeneous equivalent refractive index
(for both relaxed and accommodated states).38

Although 2D estimates of the GRIN distribution contribute
to the comprehension of the role of the GRIN in the optical
properties of the lens, 3-dimensional (3D) measurements will
allow a full understanding of the interactions between lens
shape and internal structures and their relative contribution to
the aberrations of the lens, in the young and aging eye.

In the current study, 3D spectral optical coherence
tomography (sOCT) measurements on 35 isolated human
lenses (between the ages of 19 and 71 years) were used to fully
characterize the lens surface geometry and GRIN distribution,
using a custom-developed global search algorithm that allowed
the reconstruction of the GRIN distribution.28 The SA was
estimated by using computational ray tracing on the lenses
with the measured shape and GRIN, and was compared with
lenses of equal geometry, but an equivalent homogeneous
refractive index. Understanding of the structural changes of the
crystalline lens with aging is important to gain insights into the
mechanisms of aging of the eye, and in particular presbyopia
development and its potential treatment.

METHODS

Human Lens Samples and Preparation

Human donor eyes were obtained from Transplant Service
Foundation (TSF) Eye Bank. Methods for securing human tissue
were in compliance with the Declaration of Helsinki. The
handling and experimental protocols had been previously
approved by the institutional review boards of TSF and Consejo
Superior de Investigaciones Cient́ıficas (CSIC). Experiments
were performed on 35 eyes from 30 different donors, 1 to 3
days postmortem. The donor age ranged between 19 and 71
years. Presence of cataract was considered an exclusion
criterion in the study. All eyes were shipped in sealed vials at
48C, and wrapped in gauze soaked in preservation medium

(DMEM/F-12, HEPES no phenol red; Sigma-Aldrich, St. Louis,
MO, USA).

The lens was carefully extracted from the eye and immersed
in the same preservation medium at room temperature.39

During the measurements, the lens was placed on a ring in a
DMEM-filled cuvette.

The whole measurement usually took between 1 and 2
hours. Swollen or damaged lenses were identified with the
OCT images and excluded from the study.

Optical Coherence Tomography Imaging

All lenses were imaged in 3D using a custom-developed high-
resolution sOCT system (described in detail in Grulkowski et
al.40). The system uses an 840-nm superluminescent diode as
illumination source. One 3D image was composed of 1668 A-
scans, and 60 B-scans on a 12 3 12-mm lateral area, acquired in
4.5 seconds. The axial resolution was calculated to 6.9 lm in
tissue. The lens axis was aligned with the OCT scan axis such
that a specular reflection was seen from the surfaces of the
lens. To center and align the lens, real-time display horizontal
and vertical A-scans were used.

Images of the lens in 3D were acquired in two different
focal planes, to allow visualization of both lens surfaces and the
cuvette holding the lens. The images were merged into one
complete 3D image of the lens using a custom-developed
merging algorithm.28 Images were obtained with the anterior
surface up and with the posterior surface up, after carefully
flipping the lens in the holder.

Laser Ray Tracing

The paraxial and nonparaxial focal lengths of each lens were
measured using a custom-developed laser ray tracing (LRT)
system, which scanned rings of light of different diameters (2
and 4 mm) onto the crystalline lens. The LRT system combined
a 2-mirror galvanometric scanning system with a 400-mm
collimating lens. The illumination source was a superlumines-
cent diode (849 nm). The crystalline lens was placed in a
cuvette (anterior up position) and was aligned with the LRT
system, such that the lens and principal ray were collinear to
the center of a complementary metal–oxide–semiconductor
(CMOS) camera (Thorlabs, Newton, NJ, USA), placed behind
the cuvette in the entire focus range. The CMOS captured a
series of through-focus images around the focal plane (step
size: 0.5 mm).

The system was calibrated using a set of artificial lenses
with known back focal lengths, as described in a previous
publication.36 The estimated precision of the focal length
measurements was 0.8 mm.

Measurements of the focal length at two different pupil
diameters allowed an experimental approximation of the
fourth-order Zernike SA, using the following equation41:

Z0
4 ¼

Mr2

12
ffiffiffi
5
p ; ð1Þ

where r is the nonparaxial pupil radius, and M is the difference
between optimum powers: M ¼ M (nonparaxial) � M

(paraxial). The group refractive index of the solution was
taken as n¼ 1.345 at 825 nm.42

Image Processing

All OCT images were processed to obtain the shape of the lens
surfaces and the surface of the cuvette, using algorithms
described in detail in previous publications.28,36 The distance
between surfaces in an OCT image represents the optical path
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difference (OPD; geometrical distance multiplied by the
refractive index along each A-scan). The anterior surfaces
were corrected for fan and optical distortion.43 The full
geometry of the lens was obtained from analysis of the first
surface imaged in each condition (anterior surface in ‘‘anterior-
up’’ images, posterior surface in ‘‘posterior-up’’ images). All
surfaces (lens and cuvette) were fitted by Zernike polynomials
(up to seventh order) within a 6-mm pupil. For the purposes of
this study, only symmetric Zernike polynomials and astigma-
tism were used. Additionally, the radii of curvature and conic
constant of the surfaces were estimated for 18 meridians using
the following equation:

z ¼ z0 �
ðx � x0Þ2

r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � kðx � x0Þ2

q ; ð2Þ

where z is the surface sag, x is the radial position along the
meridian, r is the apical radius of curvature at the vertex, and k

is the conic constant.
The lens thickness was calculated from the distortion of the

image of the cuvette surface.44

GRIN Reconstruction

The 3D GRIN was reconstructed from lens geometry, OPD, and
lens focal length using an updated version of the global search
algorithm proposed by de Castro et al.28 The GRIN was
estimated for a 6-mm pupil. The algorithm was run five times
for each data set, and was applied in 18 cross-sectional
meridians (0–170, in steps of 108).

Because OCT uses a broadband source, the reconstructed
refractive index is the group refractive index at the central
OCT beam wavelength (849 nm). It was converted to a phase
refractive index at 633 nm to obtain the visible refractive
index, using a procedure previously described by Uhlhorn et
al.44 Using the Cauchy equation derived by Atchison and
Smith,45 the group refractive index at 849 nm was converted to
its respective phase refractive index, and then to the phase
refractive index for visible light.

GRIN Model

The refractive index in the lens is modeled so that it varies
continuously from the nucleus to the surface in both axial and
meridional directions. The center of the lens is assumed to be
in the optical axis at a distance from the anterior surface vertex
equal to 0.41 times the lens thickness.46 The GRIN is described
as a four-variable model in polar coordinates:

nðq; hÞ ¼ nN � Dn � q
qS

� �pðhÞ
; ð3Þ

where nN is the refractive index of the nucleus, Dn is the
difference between the refractive index of surface and nucleus,
qS is the distance between nucleus and surface, and p(h) is the
exponential decay in the axial (p1) and meridional (p2)
direction; p1 is constant across meridians, whereas p2 can vary
to account for differences between meridians.

Search Algorithm

The GRIN distribution that best fits the experimental data is
searched through minimization of a merit function, which is
defined by the sum of the root mean square of the differences
between the simulated and the experimental OPD from the
OCT images and the simulated and experimental focal lengths
of the lenses. Because the search involves variables that are
strongly coupled, it is probable that a local algorithm would get

stuck in local minima. Therefore, a genetic optimization
algorithm47 was implemented as a global search algorithm to
prevent the solution falling in a local minimum.28

Equivalent Refractive Index and Average Refractive
Index

The homogeneous equivalent refractive index was calculated
by matching the refractive index producing the same focal
length as the lens with the estimated GRIN and using the same
3D geometry. The equivalent index was estimated for a 6-mm
pupil diameter.

The average refractive index was calculated directly using
the OCT images as the division between the optical thickness
and the geometrical thickness.

Computational Ray Tracing Analysis

The optical aberrations of individual lenses were investigated
by means of a computational ray tracing analysis using the
experimental geometric data of the lens and the reconstructed
GRIN. Additionally, aberrations were estimated for the same set
of lenses with its equivalent refractive index instead of the
GRIN distribution, allowing accounting for the relative
contribution of lens geometry and GRIN to the optical
properties of the lens.

The custom-developed ray-tracing algorithm is based on the
Stavroudis48 and Sharma et al.49 algorithm to trace rays through
conical surfaces and GRIN, respectively.28,36 The calculated
wave aberrations (fourth-order SA) were fit by Zernike
polynomial expansions.

RESULTS

Age Dependence of Crystalline Lens Shape

All lens surfaces were well fitted by conic sections for the
central 6 mm of the surface. The root mean square of the
residuals of the fittings was below 30 lm. Lens thickness, radii
of curvature, and conic constants of the anterior and posterior
surfaces were analyzed as a function of age. The thickness
increased linearly with age at a rate of 0.0196 mm per year (Fig.
1).

Anterior and posterior radii of curvature (Fig. 2) were fit by
a third-order and second-order polynomial, respectively. The
anterior lens radii of curvature increased almost linearly up to
age 60 (a linear fit between 19 and 60 years showed an increase

FIGURE 1. Central thickness of isolated human lenses as a function of
age, and a linear fit to the data (Thickness [mm] ¼ 0.0196 � Age þ
3.5187; r ¼ 0.84, P < 0.001).
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of 0.119 mm per year), and tended to decrease beyond that
age. Posterior lens radii of curvature tended to increase slightly
with age.

Anterior and posterior lens conic constants (Fig. 3) were fit
by linear regressions. The anterior surface conic constant was
negative for 26 of the 35 lenses (ranging from�16.2 to�0.08),
and for all lenses under 47 years. It shifted toward positive
values in older lenses, increasing linearly with age at a rate of
0.228 per year (P< 0.001). The posterior surface conic constant
was�0.17 on average with values between 1.17 and�1.89, and
showed a small increase of 0.0275 per year (P¼ 0.002).

Across meridians, the radius of curvature changed by 0.8 mm
and 0.32 mm, and the conic constant changed by 2 and 0.12, for
anterior and posterior surface, respectively (average values). We
did not find any correlation of meridional changes with age. In
addition, the magnitude of the changes in the anterior surface
was not correlated with those of the posterior surface.

Distribution of the Gradient Refractive Index

The reconstructed parameters for the GRIN are nucleus
refractive index (nN), surface refractive index (nS), and the
power exponents for axial (p1) and meridional (p2) decay.

Surface refractive index varied from 1.3601 to 1.3896, and
nucleus refractive index between 1.3985 and 1.425 (Fig. 4).
The surface refractive index increased by a statistically
significant amount with age (P ¼ 0.015), at a rate of 0.0002
per year. The nucleus refractive index tended to decrease with
age, but its change was not statistically significant (P ¼ 0.3).

Figure 5 shows the power exponents in axial (p1) and
meridional (p2) directions. The power exponents in the
meridional direction (p2) increased (P ¼ 0.1), indicating a
flattening of the GRIN distribution with age. The power
exponent in the axial direction (p1) remained almost constant
with age.

The power exponent p2 changed across meridians in some
lenses, indicating a contribution of the GRIN to the astigma-
tism of these lenses. The mean change of p2 was 1.09 with a

FIGURE 2. Anterior and posterior lens radii of curvature as a function
of age. The anterior surface radius was fit by a third-order polynomial
(Rant[mm] ¼�6E�5x3 þ 0.0082x2 � 0.2203x þ 7.4769; r ¼ 0.727, P <
0.001; x¼ age [years]). The posterior radius of curvature with age was
fit by a second order polynomial (Rpos[mm] ¼�0.0006x2 þ 0.073x þ
3.5139; r ¼ 0.518, P¼ 0.001; x ¼ age [years]).

FIGURE 3. Anterior and posterior lens asphericity as a function of age,
and linear fit to the data for the anterior lens (kant ¼ 0.228 � Age �
14.853; r ¼ 0.604, P < 0.001), and for the posterior lens (kpos ¼
0.0275x � 1.4798; r ¼ 0.5, P ¼ 0.002).

FIGURE 4. Nucleus and surface refractive index as a function of age,
and linear fits to the data for the nucleus refractive index (nN ¼
�8E�5 �Age þ 1.4157; r ¼�0.180, P ¼ 0.3) and the surface refractive
index (nS ¼ 0.0002 �Ageþ 1.358; r ¼ 0.409, P¼ 0.015).

FIGURE 5. Power exponent in the axial direction (p1) and in the
meridional direction (p2) as a function of age, and linear fit to the data
for p1 (axial decay¼�9.9E�4 �Ageþ 2.3878; r¼�0.025, P¼ 0.89) and
p2 (meridional decay¼0.021 �Ageþ2.2973; r¼0.281, P¼0.1). For p2,
each symbol is the average across 18 meridians. A higher p is consistent
with a flatter plateau in the GRIN, and rapid changes toward the
surface. The colored insets illustrate a cross section of the GRIN
distribution in one meridian. Examples are for lenses of 30, 52, and 71
years.
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maximum change of 2 in one of the lenses (changes were on
average 34%, and always below 58% of the mean value of the
meridional exponent).

Equivalent Refractive Index and Average Refractive
Index

The equivalent refractive index (Fig. 6A) ranged between 1.391
and 1.417 across lenses, and was 1.406 on average. The
average refractive index (along the optical axis, Fig. 6B) ranged
between 1.388 and 1.403, and was 1.394 on average. No
statistically significant level of correlation was found between
age and the refractive indices.

Experimental Back Focal Length

The experimental back focal length (BFL) of the isolated lenses,
obtained with LRT, increased significantly (P < 0.001) with
age, both for a 2-mm (paraxial) and 4-mm (nonparaxial) pupil
diameter (Fig. 7). The nonparaxial focal length was relatively
higher in younger lenses and changed with age at a lower rate

(0.285 mm per year) than the paraxial focal length (0.466 mm
per year). Therefore, the difference between paraxial and
nonparaxial lens power decreased with age, approaching zero
at approximately 63 years of age. The higher central lens
power (i.e., a shorter BFL) in the paraxial zone for younger
lenses is consistent with negative SA. Therefore, the decrease
in the paraxial and nonparaxial BFL difference is consistent
with of a shift of SA from negative to more positive values.

Using equation (1), the fourth-order SA Z4
0 was calculated

for the lenses. The SA showed a linear shift with age, from
negative values in young lenses to closer to zero in older eyes
(Z4

0 ¼ 0.0029 � Age � 0.1904; r ¼ 0.455, P ¼ 0.022).

Spherical Aberration: Surface and GRIN

Contributions

Figure 8 shows ray-tracing estimates of the lens SA for a 6-mm
pupil diameter as a function of age. Calculations were

FIGURE 6. (A) Equivalent refractive index estimated from the
reconstructed GRIN as a function of age, and linear fit to the data
(equivalent RI¼�5E�8 6 0.06 �Ageþ 1.405 6 3.1; r¼�0.0001, P¼ 1).
(B) Average refractive index, calculated from the OCT images along the
optical axis of the lens as a function of age, and linear fit to the data
(average RI¼ 3E�5 �Age 6 0.11 þ 1.393 6 5.4; r ¼ 0.14, P¼ 0.44).

FIGURE 7. Experimental back focal length for a 1-mm pupil radius
(paraxial) and a 2-mm pupil radius (nonparaxial), and linear fit to the
data for the paraxial (exp.bfl1mm [mm]¼0.466 �Ageþ27.81; r¼0.95, P

< 0.001) and nonparaxial data (exp.bfl2mm [mm] ¼ 0.285 �Age þ
39.070; r ¼ 0.66, P < 0.001).

FIGURE 8. Estimated SA as a function of age for GRIN lenses and lenses
with a homogeneous refractive index, and linear fits for GRIN lenses
(SA_GRIN ¼ 0.041 �Age � 3.4075; r ¼ 0.654, P < 0.001) and
homogeneous refractive index lenses (SA_homogeneous¼ 0.0249 �Age
� 1.4043; r¼ 0.696, P < 0.001). The GRIN shifts the SA toward more
negative values.
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performed for the measured 3D lens geometry and estimated
GRIN distribution, as well as for the same lens with a
homogeneous equivalent refractive index. The SA shifts
significantly toward less-negative values with age, at higher
rates when considering the reconstructed GRIN (0.041 per
year, P < 0.001) than with a homogeneous refractive index
(0.0249 per year, P < 0.001). The GRIN therefore plays a
significant role in the negative values of the crystalline lens SA
at all ages, but primarily in young lenses.

DISCUSSION

We have used sOCT to image isolated crystalline lenses of
human donors of different ages. These measurements have
allowed the quantification of the lens shape and 3D GRIN
distribution, and their changes with age. Computational ray
tracing on these experimental data allowed evaluating the
relative contribution of lens shape and GRIN to SA, as a
function of age.

Crystalline Lens Shape Changes With Age

Radius of Curvature. In agreement with previous reports
in vitro,1,19 we found a flattening of the isolated lens (i.e.,
maximally accommodated) with age. The increase of the radius
of curvature was higher (by 45%) in the anterior lens than in
the posterior lens (by 20%), between the ages of 20 and 60.
Our data also show the biphasic behavior reported by Glasser
and Campbell1 and Borja et al.19 on isolated crystalline lenses,
peaking at approximately 60 years of age. Data are also
consistent with measurements in vivo on the fully accommo-
dated state using corrected Scheimpflug imaging,50,51 Purkinje
imaging,52 and OCT53 as function of accommodation and/or
aging.

In the young lens, the radii of curvature that we report here
in vitro are close to those reported in vivo for the maximally
accommodated state. Dubbelman et al.20 reported anterior and
posterior lens radii of curvature of 7.0 mm and 5.0 mm,
respectively, in a 6D accommodating 25-year-old lens in vivo, in
good agreement with the 6.2 mm and 5.0 mm for anterior and
posterior radius of an interpolated 25-year-old lens in our study
in vitro. Radii of curvature found in vitro are similar in
magnitude to those reported in vivo for older lenses by
Dubbelman et al.,20 who reported anterior and posterior lens
radii of curvature of 9.5 mm and 5.7 mm, respectively, studying
a 60-year-old lens, in agreement with 10.9 mm, and 5.6 mm for
a lens of the same age in our study.

Conic Constant. Our data are comparable with the conic
constants reported by Dubbelman and van der Heijde2 for in
vivo unaccommodated lenses (�4 to 0.06 for the anterior
surface and �3 to 1.96 for the posterior surface), between 16
and 65 years. As expected, the agreement between our in vitro
data and in vivo data from Dubbelman et al.20 is better in older
eyes, due to the differences in lens shape between the relaxed
accommodation state (in vivo) and the maximally accommo-
dated state (in vitro) in young lenses. In fact, the anterior conic
lens constants in the isolated young lenses in our study are in
excellent agreement with those reported in maximally
accommodated young lenses (�12 to �3, in an age range of
24 to 34 years).20 In addition, a recent report on accommo-
dating monkey lenses confirm a shift of the anterior conic
constant toward negative values with increased accommoda-
tion.38

The positive anterior lens conic constant in the older eyes is
also consistent with results from a study by Manns et al.,54 who
reported an average value of 4.27 in a group of old isolated
human lenses (average age 76.4 years).

GRIN Distribution and Equivalent Refractive Index

Age Dependence on Nucleus/Surface Refractive In-
dex. We found a tendency for the nucleus refractive index to
decrease with age, and the surface refractive index to increase
with age, although only the changes in the surface refractive
index showed statistical significance. The range of nucleus and
surface refractive index agree with those reported by de Castro
et al.30 using a similar GRIN reconstruction technique, but
based on 2D cross-sectional OCT images and a smaller lens
sample (n ¼ 9), although the relatively high scattering of the
values prevented from observing a clear behavior. The higher
number of lenses of the current study (n ¼ 35) and smaller
uncertainties due to the 3D nature of the data allowed us to
reach near statistical significance. These data are in agreement
with the change in surface refractive index of human lenses
(anterior pole only) reported by Pierscionek34 (n¼ 14), using
destructive methods, and the decrease of nucleus refractive
index reported by Jones et al.31 (n ¼ 20), using an MRI
approach. Also, the decrease of the nucleus refractive index
with age is consistent with the hypothesis by Moffat et al.55

that the lens nucleus experiences an age-related decrease in
the soluble protein.

Power Exponent Change. The shape of the GRIN profile
changed with age, predominantly in the meridional direction.
For some lenses the meridional power exponent p2 changed
across meridians, but the magnitude of change was not
correlated with age or surface shape (radii, conic constant).

The findings of a more distributed index in younger lenses
and an increase of the central plateau with age agree with
earlier findings by Hemenger et al.,8 Moffat et al.,55 Jones et
al.,31 and de Castro et al.30 Also, Kasthurirangan et al.32

reported higher exponents in the equatorial direction than in
the axial direction in both young (accommodated) lenses and
older lenses, with a larger increase for the equatorial power
exponent (from 5.09–10.28) than for the axial power exponent
(from 4.04–6.7) with age.

Although the reported power exponent values of the GRIN
should better describe those of fully accommodated lenses, as
isolated lenses approach a fully accommodated state, we
anticipate that the power exponent changes with age in the
current study are largely associated with age, and not the
accommodation state. This is supported by recent findings by
de Castro et al.38 of the GRIN distribution with simulated
accommodation of cynomolgus monkey lenses in vitro,
showing no significant differences in the meridional or axial
power exponent with accommodation.

It is noticeable that, despite the variability of the results, our
estimated power exponents are lower (particularly in older
lenses) than earlier reports,30,32 although they support the
increase of the meridional exponent with age. To rule out
potential differences associated with the reconstruction model,
we repeated the reconstruction using a subset of 2D cross
sections from our complete 3D dataset, and a 3-variable model
with only one power exponent. In comparison, the power
exponent derived from the 2D model showed an age
dependence similar to the meridional power exponent derived
from the 3D model. This finding suggests that the differences
with respect to earlier results obtained from 2D data are likely
related to the measured sample, and not to the 2D versus 3D
nature of the data. Our power exponent findings reconcile the
apparent contradiction in the expression reported by Charman
and Atchison in a recent article,56 where if the power
exponent increases (as typically reported to happen with
age), then the average refractive index should show a major
increase with age. In contrast, another study reports a decrease
of the average refractive index with age.44 Because the average
refractive index is dependent only on the axial power
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exponent, our finding that axial power exponent is practically
constant with age predicts only small differences in the average
refractive index with age. Our experimental measurements of
average refractive index show a minor increase with age
(increase þ0.002 from 20- to 70-year-old lenses) in good
agreement with the predicted increase (þ0.003 in the same age
range) by Charman and Atchison.56 It should be mentioned
that our average refractive index results (slightly lower than
previous reports) are derived directly from the OCT images
(i.e., independent from the GRIN reconstruction).

Equivalent Refractive Index. We found only a small, not
statistically significant, decrease of the equivalent refractive
index with age. Earlier literature found evidence for a
decreasing equivalent refractive index with age in vivo,2,5,6

but the in vitro results vary.7,19 Although Pierscionek34

(isolated lenses) and Glasser and Campbell1 (isolated lenses)
did not find an age dependency of the equivalent refractive
index, Borja et al.19 (isolated lenses) found a significant
decrease with age. We expect that this variation is largely
associated with age-related changes, and not due to accommo-
dation, and therefore possibly extrapolated in vivo, given the
independence of refractive index with accommodation recent-
ly reported in monkey lenses.38,57

A reason for the discrepancy across data in the equivalent
refractive index values in the literature (and its change with
age) may be that indirect measurements of the lens power,
such as those obtained by comparing lens shape and eye
refraction (in vivo) and lens shape and power (in vitro), may be
affected by the pupil diameter used (due to the SA of the lens).
For example, Dubbelman and van der Heijde2 calculated the
equivalent power from refraction and geometrical data using a
3-mm pupil; Borja et al.19 calculated the refractive index of
crystalline lenses in vitro from the measured equivalent power,
thickness, diameter, and radius of curvature, using a 4-mm ring
of light as an entrance pupil for the power measurements.

Unlike in previous studies, our equivalent refractive index is
obtained directly from our estimated GRIN distribution. In fact,
a simulation of the estimation of the equivalent refractive index
based on a comparison of the lens power estimated from the
lens geometry and GRIN, and the lens geometry and an
equivalent refractive index reveals that the estimated equiva-
lent refractive index (and its change with age) is dependent on
the pupil diameter used in the calculation. When comparing
the results for a 1.5-mm pupil diameter with the results for a
3.0-mm pupil diameter, we found the decrease in the
equivalent refractive index to be 35% larger for the smaller
pupil diameter. The actual values of the equivalent refractive
index changed approximately 1%. Similarly, using the results
from the LRT measurements in the estimation, the values for
the equivalent refractive index were also higher for smaller
pupil diameter (2 mm), and increasing the diameter (to a 4-mm
pupil) led to a larger decline (by 20%) with age. Differences in
the rate of variation of the equivalent refractive index may
therefore be explained by differences in the pupil diameter in
the measurements and/or model.

Lens GRIN and Shape Contributions to SA

The SA estimated for the isolated lenses assuming a homoge-
neous equivalent refractive index was negative in 71.4% of the
lenses. When the reconstructed GRIN was assumed instead,
the SA was shifted to more negative values, with 97.1% of the
lenses showing negative SA .

In both cases, the SA shifted toward less-negative values
with age (at rates of 0.025 lm per year for the homogeneous
lens and 0.041 lm per year for the GRIN lens). The linear fit
crossed zero SA at approximately ages 57 and 84, for
homogeneous and GRIN lenses, respectively. Although the

compensatory effect of GRIN occurred even in older lenses,
this effect decreased significantly with age, and it should be
associated with the change in the GRIN distribution (flatter
central index).

The negative SA in young human lenses has been reported
in numerous studies,12,14 as well as its shift toward less-
negative values with age.58,59 Furthermore, previous studies
have reported a compensatory role of GRIN in different
species.22,28,38,60,61 The current study confirms experimentally
the relative contribution of shape and GRIN to SA in human
lenses.

It should be noted that the current study exaggerates the
negative SA in young lenses, as these are maximally accom-
modated. With accommodation, the SA shifts toward more-
negative values.53,62 The contribution of lens shape and GRIN
to the changes of SA with accommodation has been reported
recently in monkey lenses,38 indicating that GRIN further
contributes to the shifts of the SA toward more-negative values
with accommodation.

Understanding the role of the crystalline lens structure into
the ocular optics is important to understand the factors
contributing to optical quality of the eye, its changes with
aging, and the development of new IOLs. To our knowledge,
this is the first study reporting 3D estimates of human
crystalline lens shape and GRIN, and their age dependence,
contributing to the understanding of the role and relative
importance of the gradient refractive index in the optics of the
crystalline lens.
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