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Abstract

Purpose: The crystalline lens undergoes morphological and functional changes

with age and may also play a role in eye emmetropisation. Both the geometry and

the gradient index of refraction (GRIN) distribution contribute to the lens optical

properties. We studied the lens GRIN in the guinea pig, a common animal model

to study myopia.

Methods: Lenses were extracted from guinea pigs (Cavia porcellus) at 18 days of

age (n = 4, three monolaterally treated with negative lenses and one untreated)

and 39 days of age (n = 4, all untreated). Treated eyes were myopic (�2.07 D on

average) and untreated eyes hyperopic (+3.3 D), as revealed using streak retino-

scopy in the live cyclopeged animals. A custom 3D spectral domain optical coher-

ence tomography (OCT) system (k = 840 nm, Dk = 50 nm) was used to image

the enucleated crystalline lens at two orientations. Custom algorithms were used

to estimate the lens shape and GRIN was modelled with four variables that were

reconstructed using the OCT data and a minimisation algorithm. Ray tracing was

used to calculate the optical power and spherical aberration assuming a homoge-

neous refractive index or the estimated GRIN.

Results: Guinea pig lenses exhibited nearly parabolic GRIN profiles. When com-

paring the two age groups (18- and 39 day-old) there was a significant increase in

the central thickness (from 3.61 to 3.74 mm), and in the refractive index of the

surface (from 1.362 to 1.366) and the nucleus (from 1.443 to 1.454). The presence

of GRIN shifted the spherical aberration (�4.1 µm on average) of the lens

towards negative values.

Conclusions: The guinea pig lens exhibits a GRIN profile with surface and nucleus

refractive indices that increase slightly during the first weeks of life. GRIN plays a major

role in the lens optical properties and should be incorporated into computational gui-

nea pig eye models to study emmetropisation, myopia development and ageing.

Introduction

The crystalline lens of the eye is a biconvex optical element

with aspheric surfaces and a gradient index of refraction

(GRIN). In combination with the cornea it focuses the light

from the outside world onto the retina in the emmetropic

eye and changes its power to focus near and far objects. In

addition, in many species, including human, the lens

compensates the spherical aberration of the cornea improv-

ing the quality of the retinal image.

The coordination between the changing optics and the

eyes elongation to achieve best focus on the retina during

eye growth in childhood, is known as emetropisation. This

coordination is disrupted in myopia. The main biometric

difference between myopic and emmetropic eyes is its axial

length, however, differences in the crystalline lens have also
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been reported. It is known that the lens power in myopic

children is lower than in emmetropes1 and that within one

year of the onset of myopia the crystalline lens stops thin-

ning, flattening and losing power.2 In a previous study we

found that in humans, the refractive error and the lens

equatorial diameter were correlated in young adults3 per-

haps due to ciliary muscle and/or associated equatorial

changes contributing to lens flattening.

The guinea pig is an accessible mammalian model popu-

lar for studying myopia development, as it has been shown

to respond efficiently to diffusers4 or lens treatments5

developing refractive errors. The main difference between

treated and untreated eyes is the axial length but changes in

the lens thickness have also been reported.5

In our group we have showed that anterior segment opti-

cal coherence tomography (OCT) imaging can be used to

assess crystalline lens geometrical parameters,6,7 and that it

is possible to reconstruct the crystalline lens GRIN in vitro

using images of the in vitro crystalline lens in two orienta-

tions, first with the anterior surface facing the OCT beam

(anterior-up image) and then with the posterior surface

facing the OCT beam (posterior-up image).8 Essentially, a

global optimisation technique is used to optimise the value

of the variables of a GRIN model so that the simulated

optical path matches the one measured from the OCT

images. We have demonstrated the technique in an isolated

porcine crystalline lens,8 in cynomolgus monkey lenses,9,10

and in human lenses of different ages.11,12

Computer models based on the geometry of the guinea

pig eye are useful to understand the relative contribution of

the ocular components and axial distances to refractive

error and optical quality, particularly during eye growth. In

the past, guinea pig eye models were constructed using geo-

metrical parameters obtained from frozen sections.13 More

recently, we generated anatomical computer models of the

guinea pig eye, using individual measurements of the ante-

rior and posterior corneal and lens surface topographies,

anterior chamber depth and axial length, all obtained

three-dimensionally from the same OCT volume.14 The

indices of refraction of the cornea, aqueous and vitreous

humors, and a hypothetical homogeneous crystalline lens

(1.376, 1.3346 and 1.401 respectively) were obtained from

the literature13 and a good correspondence between the

spherical error predicted from the calculated optical power

and the axial length obtained using geometrical measure-

ments from OCT was found. However, optical aberrations

were also characterised in vivo, and the spherical aberration

measured and predicted in the same eyes was dramatically

different (positive from the virtual ray tracing estimates,

and negative from the experimental aberrometry measure-

ments).14 In that work, we hypothesised that the source of

the discrepancy was the presence of a GRIN in the crys-

talline lens, not accounted for in the simulations.

In this study, we reconstructed the GRIN of the isolated

guinea pig crystalline lens (excised from untreated and

myopia-treated eyes at two different ages) and compared

the spherical aberration of the lens with the reconstructed

GRIN and with a homogeneous refractive index.

Methods

Wild-type tri-colored animals were obtained from a farm

and raised in a 12/12 h light/dark cycle in the animal facil-

ity of the Facultad de Veterinaria, Universidad Com-

plutense, Madrid, Spain (FV-UCM). Protocols were

approved by the FV-UCM Ethical Committee and adhered

to the Association for Research in Vision and Ophthalmol-

ogy (ARVO) Statement for the Use of Animals in Oph-

thalmic and Vision Research.

Eight pigmented guinea pig (Cavia porcellus) eyes were

studied at 18 (three animals, four eyes) and 39 (four ani-

mals, four eyes) days of age. In the 18-day group the right

eye of three animals had been treated with a –6 D lens for

two weeks (from 4 to 18 days of age)5 and the three treated

eyes and one untreated left eye were studied. In the older

group the four lenses were extracted from untreated eyes in

four animals. The animals were euthanised by a cardiac

injection with an overdose of pento-barbitone prior to eye

enucleation. The crystalline lens was isolated and imaged in

the OCT immediately following enucleation.

All the 18-day-old animals were refracted in vivo before

euthanasia using white light streak retinoscopy4 without

cycloplegia. Treated eyes in the 18-day-old group were

myopic (–3.5, –2.8, �0.2 D and the non-treated eye was

hyperopic (+3.3 D). The refractive error of the untreated

eyes in the 39-day-old animals was not measured. However,

the emmetropisation process of the guinea pig was charac-

terized in a study by Howlet and McFadden, which showed

that the mean refractive error in untreated animals at day

39 is, on average, +0.7 D.14

Isolated crystalline lenses were placed in a cuvette filled

with balanced salt solution and immediately imaged in a

custom 3D spectral OCT system. A mirror was used to tilt

the beam 90 degrees and allow scanning the lens in a hori-

zontal position with the beam illuminating from above.

The OCT instrument, and the algorithms for automatic

image processing and fan and optical distortion correction

have been described in a previous publication15. Briefly, the

set-up is based on a Fiber-Optic Michelson Interferometer

with a super-luminescent diode light source (k0 = 840 nm,

Δk = 50 nm), and a spectrometer consisting of a volume

diffraction grating and a complementary metal-oxide-semi-

conductor (CMOS) camera. The effective acquisition speed

was 25000 A-scans/s and the axial range was 7 mm. The

axial pixel size and nominal resolution in tissue were 3.4

and 6.9 µm, respectively.
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3D images of the lens were acquired using 70 B-scans of

1667 A-scans each in a region of 8 9 8 mm resulting in a

pixel size of 114 9 4.8 µm in the horizontal and vertical

directions respectively. First, an image of the lens with the

anterior surface facing the OCT beam (anterior-up image)

was captured. The crystalline lens was then flipped over and

a second image of the lens was captured with the posterior

surface facing the OCT beam (posterior-up). The geometry

of the lens was measured using the first surface in each

image (anterior in anterior-up and posterior in the poste-

rior-up). The image of the second surface (posterior in

anterior-up and anterior in posterior-up) is distorted but

contains the information of the optical path of the rays that

was used to reconstruct the lens GRIN. The surface of the

cuvette, visible in the images, was also used as input for the

GRIN reconstruction algorithm and allowed to measure the

thickness of the lens16 and to register the volumes correct-

ing for possible rotations when flipping the lens.8

The surfaces of the lens and the cuvette were segmented

and the fan-distortion due to the scanning architecture was

corrected using custom signal processing software.15 The

anterior and posterior surfaces of the crystalline lens were

fitted by conics in the central 4-mm pupil obtaining two

parameters: the radius of curvature at the vertex, r, and

the shape factor, p, which is a function of the eccentricity

of the conic surface (p < 0 for hyperboloids, p = 0 for

paraboloids, p = 1 for spherical surfaces).

The GRIN distribution was modelled using a 4-variable

equation that describes the continuous change of the

refractive index from nucleus to surface (see Figure 1) with

the equation:

n q; hð Þ ¼ nN � Dn � q
qS hð Þ

� �p hð Þ
;

where q and h are polar coordinates referenced to the lens

center, which we positioned on the optical axis at a dis-

tance from the anterior surface of 0.41 times the thickness

of the lens,17 qS(h) is the distance from the center to the

surface, nN is the nucleus refractive index, Dn = nN-nS, nS
is the surface refractive index, and p(h) represents the

exponent of the power law which can be different in the

axial (h = 0, p1) and in the meridional (h = 90 degrees,

p2) directions.

The optimisation algorithm used to find the variables of

the GRIN model that best matched the experimental data

has been previously described in detail.8 It is based on a

genetic search and uses as input data the geometry of the

anterior and posterior crystalline lens surface, the lens

thickness, the group refractive index of the preservation

media, 1.345 at the OCT wavelength, and the distorted sur-

faces of the posterior surface of the lens and the cuvette vis-

ible in the OCT images. Custom algorithms were developed

in MATLAB (www.mathworks.com) to combine standard

routines for ray tracing through conical surfaces with either

homogeneous18 or GRIN media19,20 and to calculate the

optical path accumulated by the rays when passing through

the lens. The algorithms were validated against OpticStudio

optical design commercial software (www.zemax.com).21

Due to the broad band light source of the imaging system,

50 nm, the output of the optimisation algorithm corre-

sponds to the group refractive index at the OCT central

wavelength, 840 nm. While the phase refractive index of a

medium is the ratio between the speed of light in vacuum

and the phase velocity in the medium, the group refractive

index is defined with the velocity of the group or waves,

that is, the envelope of the wave’s amplitude. There is a

mathematical relation between both refractive indices17

and in this study, the reconstructed values were first trans-

formed from group to phase refractive index at 840 nm

and then to phase refractive index at 630 nm.16

The equivalent refractive index, i.e. the homogeneous

refractive index of a lens with the same external geometry

and dioptrical power as the crystalline lens, was calculated

using the ray tracing program and the optics of the crys-

talline lens with the GRIN and the homogeneous refractive

index compared. The paraxial and non-paraxial crystalline

lens optical power and the wave aberration of each lens was

calculated using the algorithms to trace rays through the

measured external geometry and either the reconstructed

GRIN or the homogeneous equivalent refractive index. The

wave aberration was then fitted by Zernike polynomial

expansions up to the 6th order. All calculations were per-

formed for 4-mm pupil diameters, which is close to the

natural pupil size of the guinea pig eye13.

Figure 1. Gradient refractive index (GRIN) is described in each meridian

by four variables: nucleus and surface refractive index and axial and

meridional exponent power laws. The center of the lens is positioned in

the optical axis at a distance from the anterior surface of 0.41 times the

lens thickness and the GRIN was calculated using equation 1.
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Results

Figure 2 shows the lens anterior surface (in cyan), lens pos-

terior surface (in red) and the surface of the cuvette (in

black) with solid lines indicating the real geometry and

dashed lines indicating the surface as observed in the raw

OCT images. The corresponding GRIN profiles for the

eight crystalline lenses is superimposed. All values corre-

spond to phase refractive index at 630 nm. The recon-

structed surface refractive indices ranged between 1.371

and 1.378, the nucleus refractive indices between 1.451 and

1.466, the meridional power exponent between 2.367 and

5.913 and the axial power exponent between 1.912 and

2.100. The values of the equivalent refractive index ranged

from 1.431 and 1.465. Figure 3 illustrates the untreated 18-

day-old (Figure 3a) and one of the 39-day-old guinea pig

lenses (Figure 3b) in the axial direction and in 17 lens

meridians (from 0 to 180 in steps of 5 degrees). When

comparing the two ages, it can be observed that the nucleus

refractive index of the 39-day old guinea pig was about 0.01

larger than that of the 18-day old although the shape of the

refractive index profile was similar. The similarity of the

profiles across meridians indicates that there is a high

degree of symmetry around the lens optical axis.

A comparison between age groups was done for all the

GRIN parameters (Figure 4). When compared with the 18-

day-old, 39-day-old lenses exhibit a statistically higher sur-

face refractive index (1.366 � 0.002 vs 1.362 � 0.001; two-

tailed t-test p = 0.010) and nucleus refractive index

(1.454 � 0.004 vs 1.443 � 0.002; p = 0.003) (Figure 4a).

In the 18-day-old group there were untreated and treated

eyes but the surface and nucleus refractive index in the

older animals (all non-myopic) were all higher than the

corresponding refractive index in the untreated 18-day-old

guinea pig eye (surface 1.363 nucleus 1.443). The exponen-

tial decays in the axial and meridional directions were not

statistically different between age groups (Figure 4b). As a

result of the differences in the GRIN, the equivalent refrac-

tive index was statistically higher in the 39-day-old group

of lenses (1.461 � 0.004 vs 1.440 � 0.006; p = 0.001).

We studied the differences in external geometry between

groups (Figure 5) and found that older lenses were

Figure 2. Reconstructed color-coded GRIN in the eight lenses of the study, anterior lens surface (in cyan), posterior lens surface (in red) and surface

of the cuvette holding the lens and the preservation media (in black). The real geometry (solid lines) and the surfaces as observed in the raw OCT

images (dashed lines) are presented. The figure shows a meridional section of the lens with the horizontal axis representing the distance to the lens

center and the vertical axis representing both the geometrical distance, y, and the optical path of the rays, opd.

© 2020 The Authors Ophthalmic & Physiological Optics © 2020 The College of Optometrists

Ophthalmic & Physiological Optics 40 (2020) 308–315

311

A d Castro et al. Crystalline lens gradient index in the guinea pig



significantly thicker (by 130 µm on average, p = 0.047).

Though the difference was not significant, we noticed a that

the posterior surface tended to flatten (radius of curvature

difference of 178 µm, p = 0.060).

The crystalline lens shape parameters did not change sig-

nificantly with the eye refractive error. However, we

observed a tendency of the surfaces to be steeper in myopes,

both when studying only the 18-day-old group

(0.533 mm D�1 for the anterior surface and 0.848 mm D�1

for the posterior surface) and when including both the 18-

and the 39-day old group and assuming a refractive error of

+0.7 D13 for the latter (0.562 mm D�1 for the anterior sur-

face and 0.713 mm D�1 for the posterior surface). The

experimental data (see Figure 6) also show a tendency of the

lens to thicken with myopia (0.584 mm D�1 for the 18-day

group only; 0.579 mm D�1 for all eyes).

Calculations of the focal length, optical power and spher-

ical aberration were done using the measured surface geom-

etry and the reconstructed GRIN parameters. Paraxial back

focal length ranged from 7.79 to 9.87 mm, and non-parax-

ial back focal length for a 4 mm pupil ranged from 8.96 to

10.64 mm. This represents an optical power from 85.6 to

104.7 D for paraxial and 80.2 to 92.3 D for a 4 mm pupil.

Figure 7 shows the spherical aberration of the crystalline

lens with the reconstructed GRIN (values range from –14.9
to �1.9 and from �11.6 to 16.7 µm, for the 18- and the

39-day-old lenses respectively) and with the calculated

homogeneous equivalent refractive index (values range

from 31.3 to 33.5 and from 29.9 to 32.4 µm, for the 18-

and 39-day-old lenses respectively). The presence of GRIN

shifts the value of the spherical aberration towards more

negative values. Also, while the spherical aberration does

not show a significant age dependency, the lens spherical

aberration is, on average, lower in the 18-day-old than in

the 39-day-old group. The crystalline lens spherical aberra-

tion results were not correlated with the eye refractive

error.

Discussion

We used an OCT-based method to measure the shape and

the gradient index structure of the in vitro guinea pig crys-

talline lens. We found that the crystalline lens of the guinea

pig eye exhibits a gradient index structure with a relatively

large variation of the index of refraction from the nucleus

to the periphery (on average 1.365 in the surface, 1.449 in

Figure 3. Crystalline lens gradient refractive index profile in the axial (blue) and meridional (red) directions of two untreated animals at (a) 18- and (b)

39-days old. In the blue curve, negative values in the horizontal axis correspond to the anterior part of the lens and positive to the posterior. The crys-

talline lens nucleus refractive index is higher in the 38-day old guinea pig.

Figure 4. Gradient index of refraction (GRIN) parameters for 18-day-old (blue bars) and 39-day-old (orange bars) guinea pigs. (a) Surface and nucleus

refractive index; (b) axial and meridional decay. The asterisk indicates that the difference between groups is statistically significant (p,0.05).
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the nucleus, 0.084 difference), and a nearly parabolic profile

(average exponent decay coefficient of 2.00 and 2.98 in the

axial and meridional directions respectively). We studied

the differences between two age groups, 18- and 39-days

old, before the sexual maturity which occurs on average at

75 days for these animals.13 The 39-day-old lenses exhibited

higher surface and nucleus refractive indices and a higher

equivalent refractive index. GRIN was found to reduce the

spherical aberration of the lens (on average from 31.6 to

�4.1 µm), making it negative in the 18-day-old group.

To our knowledge, there is only one previous report of

measurements of the guinea pig crystalline lens GRIN.22

The measurement was performed probing with a waveguide

different locations of the lens and estimating the local

refractive index from the Fresnel reflectance coefficient at

670 nm in a single animal. The study reported refractive

indices for surface and nucleus (1.389 and 1.429) that are

respectively higher and smaller than the values found here

(on average 1.363 and 1.447 for 670 nm light). In the rat,

an animal of similar size, the GRIN was studied with a ray

tracing method23 and the values, reported for 589 nm

wavelength, 1.336 and 1.508 for surface and nucleus respec-

tively are comparable to our results (on average 1.366 and

1.450 for surface and nucleus when converted to 589 nm

wavelength). Also, the shape of the refractive index profile

that we found agrees well with the parabolic profile

reported in those two studies.22,23

The GRIN distribution in the guinea pig lens is close to

that found in other mammals, although the values of

refractive index are somewhat higher. In porcine lenses,

using a ray tracing tomographic method values for surface/

nucleus of 1.366/1.444 were reported. With our method we

found 1.362/1.443 in porcine lenses,8 1.370/1.429 in

cynomolgus monkey lenses9; and 1.360/1.425 in humans.12

Figure 5. Comparison of the geometry between lenses extracted from

the 18-day old (blue bars) and the 39-day old (orange bars) guinea pigs.

The asterisk indicates that the difference between groups is statistically

significant. Both surfaces are on average flatter in older lenses and there

is a statistically significant increase in the crystalline lens central thick-

ness.

Figure 6. Crystalline lens shape parameters were not correlated with refractive error (p > 0.05). (a) Anterior and posterior apical radius of curvature;

(b) central lens thickness of the four 18-day old guinea pigs.

Figure 7. Spherical aberration with the reconstructed gradient index of

refraction (GRIN) and with the equivalent refractive index. The gradient

index of refraction shifts the spherical aberration of the lens toward

negative values.
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Our prior studies also found parabolic profiles (i.e. expo-

nential decays close to 2) in porcine (2.6), and in the young

human lens (close to 2 in the axial direction).

The output of the optimisation algorithm is the group

refractive index at the OCT wavelength and was trans-

formed into phase refractive index at a visible wavelength16

using dispersion curves that were derived indirectly for

humans.24 To estimate the approximation of using these

curves in the guinea pig we calculated the result of the

transformation when using the water dispersion curves25

and found a difference of only 0.0002 in the resulting phase

refractive index.

The effect of GRIN on lens power and on the spherical

aberration in the guinea pig lens was similar to that found

in fish, porcine, cynomolgus monkeys and young humans.

The paraxial and non-paraxial optical power for a 4-mm

pupil diameter of the surfaces was on average 13.7 and 14.7

D respectively, indicating that GRIN contributes more than

80% (on average 85.5% and 80.9% to paraxial and non-

paraxial power respectively) to the lens optical power. Also

GRIN shifts the spherical aberration to lower (and even

negative) values with respect to the spherical aberration of

a lens with the same geometry and a constant index of

refraction. The spherical aberration values estimated for the

guinea pig lens are around an order of magnitude higher

than those found in isolated human, porcine or monkey

lenses, to a large extent because of much steeper surfaces.

Unlike in human and cynomolgus monkey lenses, where

the posterior lens asphericity is negative, the guinea pig lens

asphericities were positive. Interestingly, the impact of

GRIN in the lens spherical aberration is reduced in the 39-

day group when compared to the emmetropic eye in the

18-day group. The lens optical power remained constant

with age despite the posterior radius of curvature increase,

suggesting a compensatory role of GRIN which resembles,

in part, the lens paradox in humans.26–28

GRIN measurements were obtained on excised lenses,

with released tension from the zonulae. Whether the guinea

pig lens can accommodate or not is a matter of debate, and

therefore we do not know if geometrical differences are

expected between the in vivo and in vitro (nominally maxi-

mally accommodated) conditions. In any case, we do not

expect this fact to affect the estimated GRIN parameters, as

a previous study did not show significant differences in

nucleus or surface refractive indices or shape factor with

accommodation in cynomolgus monkey lenses mounted in

a stretcher.10

Knowledge of the crystalline lens GRIN as reported here,

will improve computer eye models of the guinea pig eye,

such as those we described previously,14 where a compar-

ison of experimental and predicted aberrations showed a

discrepancy in the sign of the spherical aberration. Incorpo-

ration of the GRIN in eye models will allow realistic

predictions of spherical aberration and increased accuracy

in the estimation of the guinea pig posterior crystalline lens

shape in vivo.29,30

While our sample was not sufficiently large to investigate

crystalline lens changes with refractive error, a full charac-

terisation of the GRIN will further allow understanding the

role of crystalline lens morphology and structure in lens

emmetropisation. Also, it will help to understand the

potential of the accommodation mechanism in the guinea

pig eye, still largely unexplored.

In summary, we have presented for the first time a study

on the external geometry and gradient refractive index of

the guinea pig crystalline lens and we have studied its influ-

ence in the optics of the lens. In these animals, GRIN seems

to plays a role in the optical quality of the eye, maintaining

the optical power of the lens with age and may be responsi-

ble for some of the changes in spherical aberration with age.
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