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Abstract

The effects of ocular disturbances on the chromatic aberration produced at the cornea are studied. The
variation of refractive index with the wavelength of incident light are determined for the rat cornea and
aqueous humor from enucieated eyes by interference microscopy and refractometry using 2 monochromator
light source. By computing the separation of a blue (475 nm) and a red (650 nm) ray of light simultaneousty

projected at cither corneal surface, the effect of distorting the normal index profile is examined, Hypothetical
refractive index profiles are developed for the cornea and agueous humor that makc the cornea totally

achromatic.
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1. Introduction

It is well known in optics that lens systems refract light of different wavelengths to
different extents such that their points of focus are displaced longitudinally with respect
to each other and this is known as chromatic aberration. The amount of chromatic
aberration depends on the nature of the refractive medium. It is found for most
materials, excepting certain conjugated protein solutions and others with absorption
bands in the visible region, that the refractive index decreases with increasing wavelength
of visible light used. The higher refractive index at the short wavelengths of the visible
spectrum causes its focal point to form closer to the lens system than the longer
wavelength counterparts. The nature of the variation of refractive index with wavelength
(index profile) therefore determines the extent of chromatic aberration displayed by an
optical system, and empirical relatxonshlps have been developed for the index profile
(e.g-, Cauchy 4-point formula’).

The substantial amount of chromatic aberration present in the human eye (2.0-2.5 D
between 400-700 nm) has been confirmed through many studies®®. Studies on other
vertebrates have concluded similarly’. Since the source of the chromatic error must be
the optical interfaces of the cornea and crystalline lens, the above conclusions invite a
further analysis of the underlying mechanisms and influences of the ocular media at these
surfaces upon the development of chromatic aberration.

Author for correspondence.
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This paper examines chromatism at the anterior and posterior surfaces of the coreg
and how it may conceivably be influenced by certain pathological conditions. The
analysis can be developed from simple theoretical considerations to which actugl
refractive index data are apphied. Previous studics by Chaudhuri ef al* have provided
carefully controlled data on the refractive indices of the ocular components in the rat eye
across the visible spectrum. With the assumption that the refractive parameters of human
and rat cornea are pot too dissimilar, the data from the above study are used in the
present analysis with the proviso that the results are merely scaled proportional 1o the
size differences of the two eyes. It should also be pointed out that only the thin lens
approximation has been used in the analysis. Though the thick lens formulas are the
appropriate relationships that should be-used, given the dimensions of the system under
consideration, it is sufficient to use thin lens approximations. Also, we are only
interested in the general form of the refractive index profiles rather than actual
computed values, and thus these thick lens relaiionships are not utilized i these
computations.

Within the framework of the overall dioptrics of the rat eye, the cornea is responsible
for abowt 25% of the total chroratic aberration®. As noted earlier, the extent of this
contribution could vary with changes ia the index profiles of the system. The index
profiles are susceptible to conditions such as undue accumulation of protein in the
aqueous humor following ocular injury or to changes in corneal hydration which may be
caused by various factors, e.g., endothelial dystrophy. The present approach allows us to
evaluate the consequent changes in chromatic aberration arising in the cornea.

2. 'Theoretical background

The system to be considered schematically will be spherical surfaces representing the
anterior and posterior corneal surfaces (fig. 1). A blue (B) and a red (R) ray, the exact
wavelengths of which will be specified later, are projected simultaneously upon either
surface. We wish to estimate the angular separation between the blue and red ray after
refraction at a particular surfece. This can be most conveniently specified by the

difference in the refracted angles with respect to the normal, and can be determined
using Snell’s law:

AR CORNEA AQUEOQ
us FiG, 1. Schematic representation of the cornea (nof

n=1.00 w=1.38 N"=1.33 10 scale) showing the conventions used in the paper-
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Ray B: sin G5 = {(a./nn) sin 8 (0
Ray R: sin 8 = {aa/m) sin ¢, )

The angular separation (8) is defined for the anterior corneal surface as:

7

S G sin @ {3)

8= (sin §,—sin 63) = {1

with .
ny = R = 1007 sin 8 = a comstant = ¢ (3a)

Equation (3) reduces to:
§=c(lni—1/ny). (4}

Since & represents the angular separation and is the parameter of interest, the prosent
report examines how it is affected by disturbing the index profiles of the cornea and
aqueous. We are only coneerned with the relative sign and magnitude of § and therefore
the constant ¢, will be dropped in subscquent analysis since it only acts as a
proportionality constant which merely seales 8. A negative value of 8 implies positive
chromatic aberration whereby the blue focus forms closer to the surface than the red
one. Alternatively., negative or reverse chromatic aberration, which may oceur jn certain
situations will result in the opposite effect and will be indicated by a positve value of 8.

A similar analysis can be applied to the posterior corneal surface, giving 2 result
similar to equation 4:
8 = (niini—nuni). &)
At this surface the angular separation refers again (o a mixture of biue and red light
striking the interface and being dispersed as it passes into the agueous medium. Here
also the constant of proportionality has been dropped. The total amount of chromatic
dispersion in the cornea can then be shown to be the sum of the angular separation at the
anterior and posterior surfaces as follows: The original incident light is dispersed by an
amount 8. On striking the posterior surface, it is again dispersed by an amount &', due o
the refractive index change between the cornea-aqueous interface. Thercfore, the total
amount of chromatic dispersion (when compared to the original incident beam) is:

8ry = 846" (6)

In this study we are concerned with how this dispersion will be modified if the normal
refractive index values are perturbed. With regard to the cornea, these changes, which
may be brought about by certain pathological conditions can be of a proportional nature,
whereby the refractive index values at all wavelengths are affected equally. The
refractive index profile wili therefore result in an equal vertical shift, the direction and
extent of which will depend on the nature of the disturbance. Alternatively, the
condition may bring about a skew in the protile, whereby one end of it is affected to a
greater extent such that the profile either becomes flatter or steeper. The effects of both
of these conditions will be examined.
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Proportional refractive changes in the cornea may result from increased hydration,
e.g., endothelial dystrophy. The consequent effect on thickness and its refation to
refractive index by way of the Gladstone~Dale law was shown by Fatt and Harris® to be
negligible for interference with pachometry. Although their clinically observed, above
normal range of thickness rarely affected refractive indices by more than 1%, the present
study examines the consequences of up to a 4% change in this parameter. Furthermare,
it is proposed that such a disturbance affects refractive indices equally at all wavelengths
since only the concentration of dissolved substances in the cornea is being affected and
not the differential interaction of light of different wavelengths with this substance.

The angular scparation {8) is evaluated for propertional index changes of the comea
mathematically by adding a constant to the refractive parameters of equations 4 and 5,
giving the following relations for the anterior and posterior surfaces respectively:

5= (InL+k)— 1{ni+ k)Y, Y
8 = ((ni+R)ins~ (nh-+ k)inf). 8

Skew changes of the refractive index profiles of both cornea and aqueous humor may
occur as a result of ocular injury or inflammation whereby plasma protein concentration
within these components increases. The angular separation for this condition affecting
the comnea is evaluated mathematicaliy by multiplying a constant &' to the vefractive
parameters of equations 4 and 5, giving the following relations for the anterior and
posterior surfaces respectively:

8= (UVk') (Uni—1nk)y, ]
8 = K (nini—ninl). (10

Skew changes on the aqueous index profile affecting the posterior corneal surface are
given by

& = (V') (ngni—ndnl). an

3. Methods

Refractive indices of the rat cornea and aqueous humor were determined using incident
light of wavelengths in the range of 475-650 nm at 25 nm intervals. The ocular
components were taken from enucleated eyes of female, retired breeder rats of the Long
Evans stram. Discrete wavelengths in the above range were isolated using JENA
interference filters (half-width = 6-7.5 nm) with a quartz-iodine lamp. A Bausch and

Lomb monochromator (balf-width = 4.8 nm) was also used to provide more regular
Intervals of incident light wavelengths.

The refractive index of the ocular components were obtained with an Abbe
refractometer and a JENA interference microscope. it was found that the refractometer
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sovided 2 more accurate estimation of the refractive index of a standard control (water)

whose tefractive parameters are well known'® at all the wavelengths measured.
Nevertheless, results from both were combined and scaled by the control correction
sactor as well as onc that represented the standard deviztions of the samples.

4, Results and discussion

The refractive indices for rat cornca and aqueous are provided in Tabie §. Graphical
profiles of these values are shown by the dashed curves in fig 2. In the following we will
discuss the effects of proportional and skew changes on the refractive index profile.

4.1. Proportional refractive index chunge

The effect of changing the proportional parameter, k. from —0.06 to +0.06 is shown in
fig 3. Although the values of 8 are not exact, since the first order or paraxial
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Table I

Refractive index of rat cormea and
aqueous humor (Temperature correc-
ted values)

X {nm) Refractive index
Corpea Aqueous

475 1.3882 1.3381
500 1.3864 1.3366
328 1.3848 1.3355
550 1.3838 1.3346
57 13829 1.3336
600 1.3821 1.3329
625 1.3812 1.3321
650 1.3804 1.3315

approximation is used, the trend is for chromatic aberration at the corneal surfaces to be
wmversely proportional to changes in the refractive index of that component. Therefore,
increases in corncal hydration, as implied by a negative value of &, since refractive index
will decrease, will result in increased chromatism at both the surfaces. However, since
chromalism at the anterior surface is opposite in sign to that at the posterior surface, the
two effects will tend to offset each other. The negative value of & at the anterior surface
implies that the shorter wavelengths converge more than the longer wavelength
countespasts. The negative power posterior surface diverges shorter wavelengths more
{épositive by our convention). This effect is one order of magnitude less than the effect
produced at the anterior surface. Total corneal chromatic aberration will therefore
follow that which was produced at the anterior surface.

So far actual values of wavelengths have not been used in considering chromatic
aberration. Traditional accounts involve use of Fraunhotfer lines. In this study, we
consider a continuous description whereby the red end (A = 650 am) is fixed and we
compute the aberration of shorter wavelengths at 25 nm intervals starting at 475 nm, nj
and 2 7 take on values corresponding to the wavelength under consideration, and nf and
ng represent the refractive indices at 650 nm of the cornea and aqueons humer
respectively. Naturally, the chromatic error would be expected to successively decrease
as the value of the lower wavelength is increased (fig. 3a). However, at the postetior

comeal sarface (fig. 3b) it is seen that chromatism at 550 nm can be lower than all other
wavelengths considered.

Fi6.4: Effect of skew refractive index disturbances of the cornea on the angular separation (8) for the anterior
(a) and posterior (b) corneal surfaces (dashed lines). Skew change effects of the aqueous humor for the
posteri(}r surface are shown by solid lines in(b). Both figures also show the relation between angulat
separation and wavelength of light that is compared to 650 nm. Note the dip a1 550 nm at the posterior surface,



)

ON CHROMATIC ABERRATION IN THE CORNEA
[d X 1038]

-4.16 -8.30 -4.64 -3.98 -2.348 “3.30 -2.24 -31.34 -1.28-D.44 -0.40
N X L. P 5w 1

1.62+ e //' / /

//
¥ 100 / / /
//
0.98J 475 // / /!

525 575 828 A

(a}

v T |
475 500 525 550 57% 800 625
WAVELENGTEH (nm)

{3 X 104]
13 1.6 1.9 2.2 2.5
L ; ; ; ;
1,027
027 "H 1
i [ 1
i ! !
¥ 1004
| A \
1t i !
i / ! §
oge- (1 1 !
625 550 500 525 578
7.00-
™
.
°
- 5.00
X
- 5.004
Q
[
)
P L . - . . )
475 500 525 550 575 600 625

WAVELENGTH (am}



314 A. CHAUDHURI anp V. LAKSHMINARAYANAN

4.2. Skew refractive index change

The effect of changing the skew parameter, &' from 0.98 te 1.02 is shown in fig. 4, A,
with proportional changes, chromatic aberration is found to be inversely proportional
the change in refractive index of the cornea for both anterior and posterior surface,
However, decreases in the skew parameter for the aqucous humor (or a flattening of itg
index profile) are accompanied by reduced anguiar separation and consequently
chromatic aberration. The magnitude of these effects decreases with incressing
wavelength. That is. as shown in the lower part of fig. 4a. angular separation decreases
as one considers shorter and shorter intervals of the visible spectrum with the red end
fixed at 650 nm. There is a peculiar dip in the relation for the posterior corneal surface
(fig. 4b) which suggests that chromatic defocus between light of 350 and 650 nm (o be
smaller than light of any other wavelength up to 625 nm when compared with 650 nm,
Howcver, as noted before, total corneal chromatic aberration is composed atmost
entirely of the chromatic contribution of the anterior surface. The dip in the posterior
surface is therefore masked and does not show up in a similar relation for the entire
comea (fig. 5).

The notion of total chromatic aberration in the cornea being the sum of the
contributions of the anterior and posterior surfaces leads to the development of a series
of index profiles for the cornea and aqueous humor that would entirely eliminate this
aberration in the cornea. The dashed lines in fig. 2 show the actual index profile of the
comea and aqueous, wiicreas the solid lines represent index profiles that these
componcnts would have to possess independently for the condition of corneal
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achromatism. In fact, any curve similar (o the solid ones and within those boundaries
could result in the same condition.

3, Conclusion

The effect on chromatic aberration at the anterior and posterior corneal surfaces was
examined by altering the index profiles of the cornea and agueous humor. Such changes
may occur naturally due to pathology or due to ocularinjury. It is found that the buik of
corneal chromatic aberration occurs at the anterior surface and this serves to mask a
chromatic peculiarity that arises in the posterior surface. Hypothetical index profiles of
the cornea and agqucous humor that could make the cornea totally achromatic were
determined.
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